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Abstract 
Different types of cobalt-based magnetic nanoparticles have been designed to im-
prove their performances in modern applications. For example, 3d transition metal-based 
magnetic nanowires are currently considered as potential candidates for rare-earth-free per-
manent magnets and for applications in catalysis. This thesis describes possible approaches 
for the design of optimized architectures on the nanoscale exploiting the combination of 
shape, magnetocrystalline and exchange anisotropy in 3d-metals. First, in a novel approach 
for the magnetic hardening, electroplated Fe30Co70 nanowires in anodic aluminum oxide 
templates with diameters of 20 nm and 40 nm (length 6 μm and 7.5 μm, respectively) are 
synthesized and thoroughly characterized by structural and magnetic techniques. A 3–4 nm 
thick, naturally formed ferrimagnetic FeCo oxide layer covering the tip of the FeCo nan-
owire increases the coercive field by 20% at T = 10 K. The increase of the coercive field is 
achieved by means of magnetic pinning by an antiferromagnet which suppresses vortex 
formation at the tips of the nanowires as suggested by micromagnetic simulations.  
Second, Co80Ni20 nanorods with a mean diameter of 7 nm and a mean length of 53 
nm have been synthesized by colloidal chemistry using the polyol process. Structural anal-
ysis shows crystalline rods with the crystallographic c-axis of the hexagonal close-packed 
(hcp) phase, i.e. the magneto-crystalline easy axis, parallel to the long axis of the Co80Ni20 
alloy rods. Moreover, these are covered by a thin Co-rich oxidized face-centered cubic (fcc) 
shell. This shell promotes a larger hysteretic energy product by exchange anisotropy be-
tween the antiferromagnetic oxide shell and the ferromagnetic metallic core.  
In a third study, cobalt oxide nanoparticles have been examined having a good cata-
lytic response and additional magnetic properties. A new synthetic procedure has been de-
veloped to master the magnetic properties of cobalt oxide nanocrystals. 20 nm, 40 nm, and 
85 nm edge length CoO-Co3O4 core-shell octahedra have been successfully synthesized by 
a thermal decomposition method. The particles exhibit sharp edges as well as almost atom-
ically flat {111} facets. They consist of a CoO core and 2-4 nm thick Co3O4 shell. The 
interface between these two oxides is heavily strained and gives rise to ferromagnetism to 
at least 400 K, well above the antiferromagnetic ordering temperatures of both oxides.   
Additional studies of different types of nanoparticles for innovative applications (e.g. 
hyperthermia, waste treatment, contrast agents) have been performed in the course of this 
thesis and summarized in the appendices II-IV. 
 
 
    
Zusammenfassung 
Verschiedene Arten Kobalt-basierter magnetischer Nanostrukturen wurden gezielt herge-
stellt, um ihre Eigenschaften in modernen Anwendungen zu verbessern. Zum Beispiel werden  mag-
netische Nanodrähte bestehend aus 3d-Übergangsmetallen derzeit als potentielle Kandidaten für 
Permanentmagnete ohne seltene Erden und für Anwendungen in der Katalyse untersucht. Die vor-
liegende Dissertation schlägt mögliche Ansätze für das magnetische Härten vor, die eine Kombi-
nation aus Form-, magneto-kristalliner und Austauschanisotropie der 3d-Metalle ausnutzen. Zu-
nächst ist eine neuartige Methode für das magnetische Härten von Fe30Co70 Nanodrähten untersucht 
worden. Der Durchmesser der in anodisierten Aluminiumoxid Templaten elektrochemisch gewach-
senen Nanodrähte beträgt dabei 20 nm und 40 nm bei einer von Länge 6 µm und 7,5 µm. Detaillierte 
strukturelle und magnetische Untersuchungen ergaben dabei eine 3-4 nm dicke, natürlich gebildete 
ferrimagnetische FeCo Oxidschicht an den Enden der Nanodrähte. Diese erhöhen die Koerzitiv-
feldstärke um 20% bei T = 10 K. Diese Zunahme der Koerzitivfeldstärke wird erreicht durch mag-
netisches Pinnen, welches die Vortexbildung an den beiden Enden unterdrückt.  
Andererseits sind Co80Ni20 Nanostäbchen mit einem mittleren Durchmesser von 7 nm und 
einer mittleren Länge von 53 nm kolloidal-chemisch mit einem Polyolprozess synthetisiert worden. 
Die Strukturanalyse zeigt kristalline Stäbchen mit einer kristallographischen Orientierung der c-
Achse der hexagonalen dicht gepackten (hcp) Phase parallel zur langen Achse der Co80Ni20 Legie-
rungsstäbchen. Weiterhin sind die Stäbchen mit einer dünnen, Co-reichen Oxidhülle mit kubisch-
flächenzentrierten (fcc) Struktur ummantelt. Diese Hülle fördert ein größeres Energieprodukt der 
magnetischen Hysterese aufgrund des Auftretens der Austauschanisotropie zwischen der antifer-
romagnetischen Oxidhülle und dem ferromagnetischen Kern. 
In einer dritten Studie wurden Kobaltoxid-Nanopartikel untersucht, die gleichzeitig gute ka-
talytische und magnetische Eigenschaften zeigen. Ein neues Syntheseverfahren ist entwickelt wor-
den, um die magnetischen Eigenschaften der Kobalt-Nanokristalle zu kontrollieren. CoO-Co3O4 
Kern-Hülle-Oktaeder mit 20 nm, 40 nm und 85 nm Kantenlänge wurden erfolgreich durch ein ther-
misches Zersetzungsverfahren hergestellt. Die Partikel weisen scharfe Kanten sowie fast atomar 
glatte {111}–Facetten auf. Sie bestehen aus einen CoO-Kern und einer 2-4 nm dicken Co3O4 Hülle. 
Die Grenzschicht zwischen diesen beiden Oxiden ist stark verspannt, was zu ferromagnetischer 
Ordnung bis mindestens 400 K führt, die weit oberhalb der antiferromagnetischen Ordnungstem-
peratur der beiden Materialien liegt. 
Darüber hinaus wurden weitere Untersuchungen an verschiedenen Arten von Nanopartikeln 
für andere Anwendungen (z.B. Hyperthermie, Abfallbehandlung, Kontrastmittel) im Rahmen die-
ser Dissertation durchgeführt. Diese sind in den Anhängen II-IV zusammengefasst. 
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1 Scope and objectives 
 
Magnetic nanostructures have attracted tremendous attention because of their unique 
and outstanding physical and chemical properties. The progress in (colloidal) chemistry 
over the last years led to a remarkable control of size and morphology. In particular, cobalt 
based nanocrystals -including metals as well as oxides- have shown great potential for 
many novel applications in information storage, building blocks for macroscopic magnets, 
catalysis and biomedical areas. Additionally, such size and shape-selected nanostructures 
serve as model systems for fundamental studies.  
 
Permanent magnets play an important role and are widely spread in daily life-appli-
cations. In the last few years, there has been a large increase in the need for specialized 
magnets used for computers, vehicles, motors and renewable power generators. Nowadays 
most of the magnets used for technological applications contain rare-earth elements. 
Nd2Fe14B and Sm2Co17 compounds are most commonly used for hard magnets. The current 
alternative to rare-earth magnets are AlNiCo magnets and ceramic ferrites. However, these 
are either brittle and/or possess a lower energy product compared to their rare earth-con-
taining counterparts. This fact in combination with the rare-earth shortage in Europe has 
stimulated intense effort towards new magnets matching price issues and sustainability. 
 
To this end, 3d transition metals based magnetic nanowires/nanorods were suggested 
as possible candidates for substituting rare-earth magnets. The large saturation magnetiza-
tion of these elements offers a very strong magnetic shape anisotropy when considering 
nanowires with a high aspect ratio. Additionally, they possess high Curie temperatures, 
which render the permanent magnet also suitable for technological applications at elevated 
temperatures. Among the 3d elements, pure metallic Fe or Ni nanorods do not have the 
potential to fulfil the needs of permanent magnets because of their low magnetocrystalline 
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anisotropy energy density. In contrast, hcp Co has about one order of magnitude larger 
magnetocrystalline anisotropy, which makes it a much better candidate for the production 
of permanent magnets. In this regard, FeCo alloys have been proposed since this binary 
alloy possesses the highest saturation magnetization among the 3d transition metals. None-
theless, the magnetocrystalline anisotropy energy density of this alloy is one order of mag-
nitude lower than the best rare-earth containing magnets. Thus, FeCo alloy must be tailored 
to compete with the existing magnets. Higher coercive fields can be achieved by manipu-
lating the size and shape of FeCo at the nanoscale. For instance, the large saturation mag-
netization of this alloy offers a very strong magnetic shape anisotropy when considering 
nanostructures with a high aspect-ratio. 
 
If the preparation technique or the synthetic method exerts control over the crystal-
lographic orientation of the material along the nanowire geometry, one expects large coer-
cive fields and high remanent magnetization stemming from the magnetocrystalline easy 
axis aligned parallel to the axis of the rod. Additionally, besides shape and magnetocrys-
talline contributions, exchange coupling to an antiferromagnetic material (exchange bias) 
can be used to increase the energy product of these nanostructures even further. Indeed, the 
magnetic anisotropy of nanoparticles increases by oxidizing the nanoparticles’ surface. The 
oxidation of FeCo produces a mixed oxide that increase the coercive field, but only at low 
temperatures. In order to exploit such effects in these nanostructures but also optimize the 
performance of permanent magnets operating at ambient temperature, antiferromagnetic 
materials with significantly higher Néel temperature are needed while maintaining the large 
magnetocrystalline anisotropy energy density. In this regard, a good compromise between 
large magnetocrystalline anisotropy energy density and high Néel temperature in the anti-
ferromagnetic shell is the admixture of nickel to cobalt.  
 
Thus, two different elongated magnetic nanostructures are studied in this thesis, FeCo 
nanowires (chapter 3) and CoNi nanorods (chapter 4). The combination of shape, magne-
tocrystalline and exchange anisotropy is exploited in these nanostructures to improve their 
properties as novel rare-earh-free permanent magnets.   
 
Although high aspect ratio nanostructures have been synthesized using a number of 
advanced nano-lithographic techniques, such as electron-beam or focused-ion-beam, fur-
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ther up-scaling of these techniques for the production of large quantities remains a chal-
lenge. Consequently, there is a great interest in the development of new methodologies 
based on bottom-up approaches for the selective synthesis of anisotropically shaped 
nanostructures. Such techniques should include possibilities of materials diversity, low 
cost, and the potential for mass production and sustainability. In this line, one of the com-
monly adopted strategies for achieving shape control of cobalt-based nanostructures is 
through the use of templates (e.g. porous alumina membranes, carbon nanotubes, micelles). 
The material is synthesized in the interior of these cavities by different chemical methods. 
The electrodeposition technique offers the possibility of preparing periodically aligned 
high-aspect ratio nanostructures in template matrices. The polyol route is an alternative 
strategy for generating anisotropic nanostructures. It is based on the manipulation of the 
growth kinetics with the help of capping molecules (wet-chemistry). These organic mole-
cules bind preferentially to certain crystal faces of the growing particle, thus introducing 
anisotropy into the particle geometry during growth.  
 
The latter two techniques have been used for the preparation of high-aspect-ratio 
nanostructures studied in this thesis. FeCo nanowires are synthesized by electrodeposition 
in anodic aluminum oxide templates. The coercive fields of these nanowire arrays are gen-
erally smaller than the predicted values from model assumptions. Micromagnetic simula-
tions reveal that this softening derives from the formation of a vortex and the nucleation of 
domain walls at the tips of the nanowires. Thus, the goal of the research presented in chapter 
3 is the magnetic hardening of these nanowires by pinning the magnetization at the tips.  
 
CoNi nanorods have been prepared by the colloidal route (polyol). The purpose here 
is to analyze the influence of the oxidized surface on the magnetic properties for the im-
provement of their performance for rare-earth-free permanent magnets based on 3d metal 
nanorods (chapter 4). 
 
However, not only metallic nanostructures of these 3d transition metals are valuable 
in industrial applications. Transition metal oxide nanoparticles are also of high interest, 
mainly due to their chemical stability and magnetic properties. In particular, Co oxide na-
noparticles have attracted special attention for applications in gas sensing or catalysis. The 
control in the synthesis of well-defined shapes and facets of Co oxide nanoparticles is es-
sential for ultimate applications. For instance in catalysis the reactivity and and selectivity 
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of catalysts is strongly site-dependent, i.e. the chemistry of edge atoms significantly differs 
from atoms in the surface facets, due to the different number of dangling bonds. Thus, the 
main focus of the research presented in chapter 5 is the development of a new synthesis 
procedure to master the magnetic properties of cobalt oxide nanocrystals to possibly im-
prove their performance as anode materials in lithium-ion batteries or in methane catalytic 
combustion reactions. 
 
In summary, the overall goal of this Ph.D. dissertation is the design, the synthesis, 
and the thorough structural and magnetic characterization of new Co-based magnetic ma-
terials for modern applications.  
 
The thesis is divided into the following chapters. The introductory chapter includes 
the theoretical background of the magnetism at the nanoscale, the principles of the chemical 
synthesis by wet-chemistry methods and the working principles of the measurement tech-
niques that have been used. In the chapters presenting scientific results, an introduction into 
the topic is given and the motivation of the specific research is exposed. Secondly, the 
synthetic procedure is summarized. A thorough morphological, structural and chemical 
characterization is included. Afterwards, the magnetic properties of the nanoparticles are 

























2 Theoretical background 
 
 
In this first chapter, the fundamental physical quantities that govern nanoscale mag-
netic systems are discussed as well as the mechanisms controlling the nucleation and 
growth of nanoparticles, characteristic of the synthesis in solution. Finally, a general over-
view of the characterization techniques employed to obtain the results presented in this PhD 
thesis is given.  
 
 
2.1 Magnetic properties of nanoparticles 
 
The present summary of the magnetic properties of nanoparticles has been prepared 
based on basic literature [1, 2, 3, 4, 5, 6, 7]. 
 
New magnetic phenomena can emerge at the nanometer scale if compared to bulk 
magnetism. The origin of the observed differences generally stems from:  
 
(i) dimensions comparable to characteristic length scales of magnetic properties of 
the constituent material,  
(ii) broken translation symmetry, which results in sites with reduced coordination 
number, 
(iii) higher proportion of surface (or interface) atoms. The proportion of atoms that 
are on the surface atomic layer, whose electronic states are modified relative to 
interior layers, becomes significant.  For example, in a 10 nm spherical particle, 
10% of the atoms are in the surface layer. 
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But let´s start first understanding the origin of ferromagnetism. Magnetism funda-
mentally arises from the exchange interaction between neighboring electrons with overlap-
ping wave functions situated at the d orbitals of different transition metals. The wave func-
tions of the electrons have to be antisymmetric. In other words, there is no probability of 
finding two electrons with the same spin at the same point in space, and consequently they 
should have opposite spins (Pauli principle). The fundamental nature of the wave function 
thus tends to keep electrons with the same spin apart, which lowers their Coulomb energy. 
The system energy is therefore lower if the electrons have parallel spins, and the difference 
in energy between the parallel and anti-parallel alignments is the exchange energy. Indeed, 
this energy causes that intra-atomic electrons try to maintain parallel alignment of their 
spins (Hund’s first rule). 
 
The exchange interaction is effectively a correction to the Coulomb energy required 
by the anti-symmetric nature of the wave function and produces a difference in energy 
between the parallel and anti-parallel alignment of neighboring atomic spin moments. For 
two neighboring atoms with spins 𝑆1 and 𝑆2, the interaction can be represented by the en-
ergy term:  
 
𝐸𝑒𝑥𝑐ℎ = −2𝐽𝑆1 ∙ 𝑆2  (Equation 2-1) 
 
where 𝐽 is the exchange constant and can be either positive or negative, corresponding 
to parallel or antiparallel alignment. When the parallel alignment is favored ferromagnetism 
appears and alternatively, when the antiparallel alignment is favored the antiferromag-
netism appears.   
 
In response to the exchange energy, a magnetic material should be fully magnetized, 
with all the individual atomic moments aligned up with an applied field. This would cause 
the material to have maximum magnetostatic energy. The magnetostatic energy represents 
indeed the interaction energy of each dipole with the field generated by all the other dipoles 
integrated throughout the material [1]. However, magnetic materials tend to reduce this 
magnetostatic energy by a self-demagnetizing process (domain formation), so that this field 
is cancelled. 
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Both exchange interaction and magnetostatic energy compete. The exchange interac-
tion is orders of magnitude stronger than the magnetic dipolar interactions between atoms. 
On the other hand, while dipolar interactions are long-range interactions, the exchange in-
teraction only operates between atomic neighbors. Thus, there is a compromise that will 
minimize the energy relative to the totally magnetized state. A ferromagnetically ordered 
solid can reduce its magnetostatic energy by breaking up into a complex structure of do-
mains. Thus, a single-domain structure (Figure 2-1(a)) has a much higher dipolar energy 
than any structure consisting of two domains of opposite magnetization (Figure 2-1(b)). 
Furthermore, the two-domain structure can lower its dipolar energy still further by produc-
ing additional domains, as shown in Figure 2-1 (c). 
 
 
Figure 2-1. Schematics of the domains formation in a ferromagnetic material. (a) Uniformly magnetized 
ferromagnetic material, on which the magnetostatic energy becomes reduced by the formation of a domain 
with opposite magnetization (b). This two-domain structure can lower its dipolar energy further by producing 
additional domains (c). Note that the domain boundaries or domain walls are gradual and not as sharp as 
depicted in these sketches. 
 
Minimization of the magnetostatic energy can be attained as the material forms as 
many domains as possible. However, every new domain introduces a boundary of oppo-
sitely aligned atomic spins, thereby increasing the exchange energy within the material. 
The energy balance works because only atoms at the boundary interact via the powerful 
exchange force whereas a much larger number of atoms benefits from the reduction in the 
dilute magnetostatic energy. In fact, the energy balance can be reached because the bound-
aries do not occur abruptly, from one atomic plane to the next. The formation of a domain 
structure relies on the minimization of the exchange energy of the boundary, lowered by 
spreading the reversal over many spins forming a domain wall with a particular thickness. 
The domain wall thickness is actually dictated by the competition between exchange and 
anisotropy energies (which will be described in section 2.1.1).  
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In bulk, there are three energy terms that play a role in the final magnetic configura-
tion of the material: the exchange energy, the anisotropy energy and the magnetostatic en-
ergy. The average size of the magnetic domains is a function of these three parameters and 
as the volume of a piece of magnetic material is reduced the number of domains decreases. 
Eventually, the volume drops below a certain critical value, where it becomes energetically 
unfavorable to include another domain wall or, in other words, the uniformly magnetized 
state becomes the lowest energy configuration. Thus, a piece of magnetic material below 
the critical size stays permanently magnetized at close to its saturation magnetization. It 
may not have the full saturation magnetization in remanence, because of the canting of 
spins at the particle surface. 
 
Thus, the single domain critical size is defined as the largest size that a ferromagnetic 
particle may have, beyond which it will be energetically more favorable to divide itself into 
two or more domains. This critical size varies depending on the material considered as well 





2   (Equation 2-2) 
where 𝐴 is the exchange stiffness constant, 𝐾𝑒𝑓𝑓 is the effective magnetic anisotropy 
energy density constant, 𝜇0 is the magnetic permeability of vacuum and 𝑀𝑠 is the saturation 
magnetization. 
 
In the general case, one may assume that each magnetic nanocrystal may possess an 
uniaxial anisotropy axis, and as such, its magnetic anisotropy energy is given by: 
 
𝐸 = 𝐾𝑒𝑓𝑓𝑉𝑠𝑖𝑛
2𝜃  (Equation 2-3) 
where 𝐾𝑒𝑓𝑓 is the effective anisotropy energy density constant, 𝑉 is the particle vol-
ume and 𝜃 is the angle between the magnetization vector and the easy axis (see Figure 2-2). 
In this situation, there are two energy minima at 𝜃 = 0 and 𝜃 = 𝜋, which correspond to the 
parallel or antiparallel magnetization directions with respect to the easy axis, separated by 
an energy barrier which height is 𝐾𝑒𝑓𝑓𝑉. The energy landscape is represented in Figure 2-2. 
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Figure 2-2. Magnetic energy landscape of a single domain nanoparticle with uniaxial anisotropy at zero 
magnetic field. The behavior is a function of the magnetization direction with respect to the easy axis (θ). 
 
For small enough nanocrystals, the thermal energy may be sufficient to reverse the 
magnetization direction when 𝐾𝐵𝑇 ≫ 𝐾𝑒𝑓𝑓𝑉. For all temperatures above the so-called 
blocking temperature, considering non-interacting nanocrystals, no-coercive field is ob-
served in the magnetization curves. For these superparamagnetic systems, the fluctuation 
of the magnetization is described by a characteristic relaxation time (𝜏) given by the Néel-
Brown model: 
 
𝜏 = 𝜏0𝑒𝑥𝑝 (
𝐾𝑒𝑓𝑓𝑉
𝐾𝐵𝑇
)  (Equation 2-4) 
 
where 𝜏0 is the natural lifetime. 
 
In the theory of superparamagnetism it is assumed that the atomic magnetic moments 
are locked together by the exchange interaction and accordingly, they rotate coherently, so 
the magnetic behavior of the particle is described by a single magnetic moment (macrospin 
or superspin). This single magnetic moment has a magnitude of 𝜇 = 𝜇𝑎𝑡𝑁, where 𝜇𝑎𝑡 is 
the atomic magnetic moment and 𝑁 is the number of atoms in the particle. A nanoparticle 
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2.1.1 Magnetic anisotropy energy 
 
The magnetic anisotropy induces the preferential magnetization orientation of a ma-
terial in one particular direction of space; offering easy, intermediate and hard directions of 
magnetization. The easy axis is the energetically favorable direction of magnetization (min-
imum energy) while the hard axis is the magnetization direction where the energy reaches 
a maximum. 
 
In bulk materials, the main sources of anisotropy are the magnetocrystalline anisot-
ropy and magnetostatic energies.  However, in nanosized materials, contributions of possi-
ble surface anisotropies have to be taken into consideration. Accordingly, the effective 
magnetic anisotropy energy is composed of different contributions:  
 
 
𝑲𝒕𝒐𝒕𝒂𝒍 = 𝑲𝒎𝒂𝒈𝒏𝒆𝒕𝒐𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆 + 𝑲𝒔𝒉𝒂𝒑𝒆 +𝑲𝒔𝒕𝒓𝒂𝒊𝒏 +𝑲𝒔𝒖𝒓𝒇𝒂𝒄𝒆 + 𝑲𝒆𝒙𝒄𝒉𝒂𝒏𝒈𝒆  (Equation 2-5) 
 
Magnetocrystalline anisotropy energy (𝐾𝑚𝑎𝑔𝑛𝑒𝑡𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒): contribution related to 
the magnetic anisotropy, which preferentially directs the magnetization along a certain 
crystallographic direction in the material. Its origin is the spin-orbit interaction and the 
crystal symmetry of the sample. The simplest form of crystal anisotropy is the uniaxial 










𝑢 are the anisotropy constants, 𝑉 is the particle volume and 𝜃 is the 
angle between the symmetry axis and the magnetization. Although higher order expansion 
coefficients can be large, in the literature the uniaxial anisotropy energy is often written as: 
 
𝐸𝑢𝑛𝑖 = 𝐾𝑢𝑉𝑠𝑖𝑛
2𝜃   (Equation 2-7) 
 
where 𝐾𝑢 is the effective uniaxial anisotropy energy density constant.  
 
Shape anisotropy energy (𝐾𝑠ℎ𝑎𝑝𝑒): contribution of anisotropy that arises directly 
from the shape of the material. A piece of magnetic matter with a high aspect ratio has an 
important shape anisotropy, displaying the so-called demagnetizing field. A demagnetizing 
field arises due to the appearance of surface charges (poles) and acts in opposition of the 
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magnetic induction formed within the materials when an external field is applied. As an 
example, the shape anisotropy energy of an ellipsoidal specimen is uniaxial and its energy 








2𝜃   (Equation 2-8) 
 
being 𝑉 the volume of the particle, 𝑀𝑠 the saturation magnetization, and 𝑁𝑋 and 𝑁𝑍 
the demagnetization factors relative to the x and z axes, respectively, and whose magnitude 
depends on the shape of the magnetic material. The sum of the demagnetizing factors in 
three orthogonal directions of a material has to be 1: 
 
 
𝑁𝑋 + 𝑁𝑌 + 𝑁𝑍 = 1 (Equation 2-9) 
 
In the case of a system with uniaxial shape anisotropy (i.e. prolate ellipsoid) the mag-
nitude of the demagnetizing field will be lower if the magnetization lies along the long axis.  












) − 1]  (Equation 2-10) 
 






] (Equation 2-11) 
 
where 𝑚 represents the aspect ratio between the long and short axes of the ellipsoid. 
In the particular case of a cylinder with infinitive length, 𝑁𝑍 = 0 if the sample is magnet-
ized across the long axis and 𝑁𝑋 = 𝑁𝑌 = 1 2⁄  if magnetized in perpendicular directions. 
 
Strain anisotropy energy (𝐾𝑠𝑡𝑟𝑎𝑖𝑛): contribution stemming from  a magnetostrictive 
effect. Its origin comes from a local change in atomic positions, altering the shape of the 
orbitals and consequently the spin-orbit interaction. This contribution to the magnetic ani-






2𝜃 (Equation 2-12) 
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where 𝜆𝑠 is the saturation magnetostriction, 𝜎 is the strain per area, 𝑆 is the particle 
surface and 𝜃 is the angle between the magnetization and the strain axis. 
 
Surface anisotropy energy (𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒): contribution caused by the reduction of the 
coordination number of the atoms at the surface and the breaking of symmetry. It can be 
modified due to the expansion of the lattice spacing of atomic planes close to the surface. 
Surface anisotropy enhances the total anisotropy of small nanoparticles since, with decreas-
ing particle size, the magnetic contributions from the surface increases. Hence, surface at-
oms give an important contribution to the effective anisotropy (𝐾𝑒𝑓𝑓), which in the case of 
spherical particles is given by: 
 
𝐾𝑒𝑓𝑓 = 𝐾𝑉 +
𝑆
𝑉
𝐾𝑆 (Equation 2-13) 
 
where 𝐾𝑉  and 𝐾𝑆 are the volume and surface anisotropy constant, respectively, S is the 
surface 𝑆 = 𝜋𝑑2 and 𝑉 is the volume 𝑉 =
𝜋𝑑3
6
,  (d-particle diameter) and thus, the previ-
ous expression can be written as:  
 
𝐾𝑒𝑓𝑓 = 𝐾𝜐 +
6
𝑑
𝐾𝑠 (Equation 2-14) 
 
Exchange anisotropy (𝐾𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒): contribution that arises from the magnetic inter-
action across an interface between two magnetic materials with different magnetic ordering 
(i.e. a ferromagnet in contact with an antiferromagnetic material). The magnetic anisotropy 
of a nanosized ferromagnet can become enhanced, for example by pinning its spins at the 
interface with an antiferromagnetic material. When a ferromagnetic-antiferromagnetic in-
terface is cooled through the Néel temperature of the antiferromagnet, an unidirectional 
anisotropy or exchange bias is induced in the ferromagnet (provided that the Curie temper-
ature of the ferromagnet is higher than the Néel temperature of the antiferromagnet), re-
sulting in a shifted hysteresis loop. The coercive field Hc and the exchange bias Hexch fields 
of the hysteresis loops are calculated using equations: 






  (Equation 2-15) 
 










−) is the coercive field measured at positive (negative) applied magnetic 
field.  
 
The presence of an antiferromagnet can even prevent the ferromagnetic moments 
from fluctuating due to thermal energy, as is the case for superparamagnetic particles. For 
that reason, exchange bias is seen nowadays as an effective means of overcoming the su-
perparamagnetic limit typical of ferromagnetic nanoparticles. 
 
 
2.2 Chemical synthesis 
 
2.2.1 Colloidal chemistry 
 
Over the last years, many different physical and chemical methods have been devel-
oped to synthesize magnetic nanoparticles. The physical methods are based on subdivision 
of bulk metals (known as “top-down” approach), including mechanical crushing/attrition 
or pulverization of bulk metal, laser ablation, arc discharge between metal electrodes, etc. 
The chemical methods are based on the reduction of metal ions or decomposition of pre-
cursors to obtain individual atoms, followed by aggregation or recombination of these at-
oms (“bottom-up” approach). Metal nanoparticles produced by physical methods are usu-
ally large in size and have wide size distribution, while nanoparticles prepared by chemical 
methods usually offer narrower size distributions. 
 
Moreover, since colloidal nanocrystals are dispersed in solution, they are not bound 
to any solid support as it is the case for lithographically prepared nanoparticles or nano-
crystals prepared by epitaxial growth.  The direct advantage is that they can be produced in 
large quantities, which render colloidal chemistry one of the most useful method of synthe-
sis in terms of their potential to be scaled up. 
 
 
Another main advantage of this type of synthesis is the possibility to functionalize 
in-situ the nanostructures with ligands, not only to prevent agglomeration but also for other 
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purposes (for example, functionalization of nanoparticles with biological molecules that 
can perform tasks of molecular recognition to certain receptor molecules inside biological 
systems [8]). An extra benefit of this option of functionalization is that due to the existence 
of surfactants attached on the surface, these nanostructures can be used as building blocks 
to form macroscopic structures (superlattices) by self-assembly [9, 10, 11, 12]. 
 
Alternatively, it is well known that control over the nanocrystal morphology is a key 
parameter to finely tune the final properties and thus, a major aspect to take into account 
for their implementation into real devices. Colloidal chemistry has risen as the most reliable 
method to fulfill this demand, leading to an enormous variety of sizes and shapes of nano-
particles for almost any kind of material. Additionally, the synthesis can be done either in 
aqueous or non-aqueous solutions containing the soluble or suspended salts, making this 
technique suitable for biomedical sample preparation. 
 
For all the advantages mentioned above, colloidal chemistry has been chosen as the 
method of synthesis of the nanostructures studied in this PhD thesis, with the exception of 
iron-cobalt nanowires that have been synthesized by electrochemical deposition (see sec-
tion 3.2.1). 
 
The growth mechanism of nanostructures in liquid remains nowadays an intricate and 
challenging question despite great achievements in the preparation of nanostructures. Alt-
hough there are numerous examples of controlled synthesis of diverse nanostructures, mor-
phology is not yet easy to predict. Generally speaking, in colloidal chemistry the formation 
of nanocrystals can be divided into two main processes: (i) nucleation initiated by a sudden 
increase of “monomer” concentration up to a supersaturation level, and (ii) subsequent 
growth of the seeds formed in the nucleation stage by adding “monomers”. 
 
Despite the fact that mechanisms governing colloidal synthesis of nanoparticles (both 
nucleation and growth) are far from being completely understood, in the following a brief 
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2.2.2 Nucleation 
 
Nucleation is the process whereby nuclei (seeds) act as templates for crystal growth. 
There are mainly two types of nucleation: homogeneous and heterogeneous. Homogeneous 
nucleation occurs when nuclei form uniformly throughout the parent phase by combining 
solute molecules in the absence of a solid interface. Heterogeneous nucleation however 
takes place at structural inhomogeneities (container surfaces, impurities, grain boundaries, 
dislocations, etc.). Additionally, heterogeneous nucleation can be induced through the in-
situ formation of seed particles acting as foreign nuclei (usually noble metals). These seeds 
particles are formed in-situ by admixture of a suitable nucleating agent in the supersaturated 
solution, before the occurrence of the spontaneous nucleation step [13]. 
 
In this PhD work, heterogeneous nucleation has been used in the synthesis of CoNi 
nanorods. Ruthenium chloride was used as nucleation agent, since readily reduced in the 
conditions of reduction of cobalt and nickel precursors to form tiny metallic ruthenium 
particles. These very small Ru aggregates act as foreign nuclei sites for the subsequent 
growth of CoNi nanorods.  The addition of this nucleating agent facilitates the formation 
of fairly monodisperse CoNi nanorods and with a better reproducibility (Chapter 4). In 
contrast, the synthesis of cobalt oxide octahedra (Chapter 5) was performed under homo-
geneous nucleation conditions.  
 
The concepts of classical nucleation theory are discussed in some detail because they 
can be applied to describe the synthesis of nanoparticles in liquids. For more detail infor-
mation refer to [14, 15]. 
 
The process of nuclei formation can be considered thermodynamically. The classical 
theory predicts that the total free energy cost (∆G) of a nanoparticle is defined as the sum 
of the surface free energy and the bulk free energy [16]. For a spherical particle of radius 





𝜋𝑟3𝜌∆𝜇 +  4𝜋𝑟2𝛾  (Equation 2-17) 
 
where γ represents the surface free energy, ρ is the density of the liquid and ∆μ is the 
chemical potential difference between the bulk solid and the liquid. The first term of the 
30  Theoretical background 
equation favors the growth of small nuclei since a bulk material is more stable than a su-
persaturated solution (less surface area), while the latter favors their dissolution due to the 
energy cost to create a solid-liquid interface. For a large enough radius the volume term 
begins to dominate the surface term, the nucleus becomes stable and may grow. In other 
words, homogeneous nucleation occurs because of a thermodynamic driving force, because 
the supersaturated solution is not stable in energy and the growth of these nuclei to form 
larger clusters is controlled by the competition between bulk (volume) and surface energy.  
 
The crystal free energy, ∆𝐺𝑣  is dependent upon the temperature T, Boltzmann’s con-






     (Equation 2-18) 
 
In fact, growth becomes favorable only when the nuclei reach a critical radius size 








 (Equation 2-19) 
 
The critical radius corresponds to the minimum size at which a particle can be stable 
in solution without being redisolved. The same is true for the particle´s free energy. A crit-
ical free energy is required to obtain stable particles within a solution. 
 
For nucleation to occur, several experimental parameters can be varied. First of all, 
in the presence of active centers (impurities, walls, bubbles, drops, etc.) the energy barrier 
to overcome is globally decreased. Unlike homogeneous nucleation, in heterogeneous nu-
cleation the nuclei are formed on the first surface of a foreign body. Moreover, in the ho-
mogeneous nucleation, changing parameters as supersaturation, temperature and surface 
free energy affect the nucleation step. The supersaturation is the parameter with the largest 
effect on nucleation rate. The surface free energy can be modified by surfactants through 
selected growth of high-energy crystal facets of the nuclei. More detailed information is 
given in section 2.2.3 [17]. 
 
Following the classical nucleation theory, Lamer and Dinegar proposed in the early 
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50’s a complete mechanism for the formation of colloidal nanoparticles in solution. Though 
the initial model explained the formation of monodisperse sulphur colloids in ethanol, now-
adays it is accepted as the general mechanism for the formation of any type of colloidal 
nanocrystals upon decomposition of the corresponding precursor in solution [18].   
 
 
Figure 2-3. Plot of LaMer model that shows atomic concentration versus time. It illustrates the generation of 
metallic atoms in the solution, nucleation, and subsequent growth of colloidal nanoparticles in liquid media. 
Adapted from [18]. 
 
According to LaMer’s plot for the crystal nucleation process (Figure 2-3) [18], the 
colloidal nanocrystal formation comprises the following steps: (i) the concentration of at-
oms steadily increases with time as the precursor is decomposed by heating, (ii) single 
atoms start to aggregate via self-nucleation as increasing the monomer concentration in the 
solution to a supersaturation level, called concentration of supersaturation; (iii) single at-
oms continuously aggregate into the existing nuclei which leads to gradual decrease in the 
monomer concentration. As long as the concentration of reactants is kept below the critical 
level, further nucleation is discouraged; (iv) with a continuous supply of atoms via ongoing 
precursor decomposition, the nuclei will grow into nanocrystals. Depending on different 
conditions, the nanocrystals can reach a very homogeneous size. If in this stage two nuclei 
coalesce (aggregate), it will lead to a loss in monodispersity.  
 
For size and shape-monodisperse yield of nanocrystals, it is particularly important 
that nucleation occur rapidly and instantaneously. If nucleation proceeds over an extended 
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period, reactants are unevenly depleted from solution leading to variations in growth rate 
for seed particles formed at different reaction times. 
 
On the other hand, the seed morphology can play a major role over the final shape of 
the nanoparticles, as it represents the first stage for the subsequent growth. Nuclei can take 
on a variety of shapes determined by the chemical potentials of the different crystallo-
graphic facets, which are in turn highly dependent on the reaction environment such as 
temperature and solute concentration. The crystalline phase of the nuclei can have a strong 
effect on the final nanocrystal shape as well. Xia and co-workers found out that the crys-
tallinity of the seeds formed in the very early stage of the synthesis of silver nanoparticles 
was crucial for the final shape of the nanocrystals. Depending whether the seeds present 
single-crystal, single twinned or multiple twinned structures, different morphologies could 
be obtained like cubes, octahedrons, pentagonal rods or cuboctahedrons [19].  
 
To go even deeper in the understanding of the driving forces beyond the nucleation 
of metallic nanoparticles, structural elucidation of subnanometric nuclei is of fundamental 
importance. In this line, Auer and Frenkel postulated in 2001 that the structure of nuclei in 
the primitive stages of the growth present a metastable random hexagonal close-packed 
configuration (rhcp) [20]. This arrangement corresponds to random stacking of fcc and hcp 
structures (possible due of the small free energy difference between them). In site of it, the 
experimental observation of the crystal structure of atomic nuclei before nanoparticle for-
mation remains a big challenge to overcome. 
 
 
2.2.3 Growth  
 
After the formation of nuclei, the subsequent growth also strongly governs the final 
morphology of the nanocrystals. Generally, the nanocrystal growth can occur under two 
different regimes, either in a thermodynamically or kinetically controlled growth regime.  
The manipulation between thermodynamic and kinetic growth regimes is thus a critical 
factor in determining the final nanoparticle shape [21]. 
 
In thermodynamic equilibrium, the shape of a nanocrystal is obtained by minimizing 
the surface energy for a given volume according to Wulff’s theorem [22, 23]. The preferred 
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structure of the seeds will be the one with the lowest interfacial free energy (γ), that is 





𝑁𝑏𝜀𝜌𝑎   (Equation 2-20) 
 
where 𝑁𝑏 is the number of broken bonds, 𝜀 is the bond strength and 𝜌𝑎is the density 
of surface atoms. For an fcc metallic nanoparticle {110}, {111} and {100} are the low-
index crystallographic facets which are normally exposed at the surface, being γ {110} < 
γ{111}<   γ{100} their corresponding energetic sequence [17]. Therefore, for a growth pro-
cess produced under thermodynamic conditions, these facets will grow by preferential ad-
sorption of atoms on the facets with higher interfacial energy. This sequence is responsible 
for the predilection of truncated octahedrons as the most stable structures for small single 
crystalline seeds, presenting a shape close to a sphere and exposing the {111} and {100} 
facets. 
 
In general, to promote a nanocrystal shape modification a kinetic growth regime is 
required, where the surface energy of crystallographic facets can be controlled. A good way 
to promote this surface stabilization implies the use of surfactants [24, 25]. Ligand mole-
cules adsorb on the nanocrystal surface and can significantly alter the interfacial energies. 
A particular surfactant adheres selectively to a specific crystal facet, what is used to effec-
tively lower the energy and slow the growth rate of that facet relative to others. Certainly, 
these organic molecules are chosen regarding their propensity to adhere to the surface of 
the growing material. This adhesion of surfactants on a nanoparticle surface is a dynamic 
process that allows the capping agents to exchange on and off the growing clusters to be 
indeed accessible for growth. 
 
In particular, an effective strategy to generate well-defined anisotropic nanostructures 
during crystal growth is the use of a combination of ligands (two in most cases). One binds 
tightly to the nanocrystal surface, hindering growth, and the other is less tightly bound, 
permitting rapid growth. Sometimes, the formation of the intrinsic anisotropic nanocrystals 
is found to be a highly kinetics-driven process, which occurs far away from the thermody-
namic equilibrium, and must be overdriven by high precursor monomer concentrations 
[26]. The surfactant size also plays a critical role, i.e. large molecules (bulkier surfactants) 
provide greater steric hindrance that slow the growth rate of  “monomers” to the nanocrys-
tal, resulting in smaller average nanocrystal size (see discussion of growth mechanism of 
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cobalt oxide nanocrystals in section 5.6).  
 
Moreover, these ligand molecules provide an energetic barrier to counteract the van 
der Waals and magnetic attractions between nanocrystals, preventing the nanoparticles to 
form aggregates. The dispersion of fine particles in solution by different ligands has been 
studied intensively and a good review is provided in reference [27]. In addition, when the 
growth is stopped, the ligand molecules can be strongly bound to the surface of the nano-
crystals, stabilizing them in a wide range of solvents. Accordingly, it offers a great synthetic 
flexibility in that different ligands can be exchanged having different functional groups or 
polarity.   
 
To sum up, when nucleation and nanoparticle growth are controlled at the atomic 
level, well-defined anisotropic morphologies can be achieved. Control in the final nanopar-
ticle morphology can be achieved by adding capping agents that selectively adsorb to spe-
cific crystal facets, modifying the growth rates in specific crystalline directions.  
 
 
2.3 Characterization techniques 
 
In this thesis, two main techniques have been used to characterize the nanocrystals: 
transmission electron microscopy (TEM) and Superconducting Quantum Interference De-
vice (SQUID) magnetometry. TEM allows the direct observation of the nanoparticle mor-
phology, crystalline structure and chemical composition while SQUID magnetometry al-
lows measuring the magnetic properties of the samples. The structural characterization of 
all the samples is supported by X-rays techniques: X-ray photoemission spectroscopy 
(XPS) and X-ray diffraction (XRD). Morphological investigations were also supported by 
scanning electron microscopy (SEM) and atomic force microscopy (AFM). 
 
The scope of this section is limited to the description of the basic principles and the 
experimental setups of TEM and SQUID magnetometry and it is not intended to provide a 
comprehensive review. The description of all other techniques is restricted to the particular 
experimental devices used to achieve the presented results.  
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2.3.1 Transmission electron microscopy  
 
Morphological and structural properties of the nanoparticles were studied by means 
of high resolution transmission electron microscopy (HRTEM). The elemental analysis was 
conducted using TEM combined with energy dispersive X-ray (EDX) spectroscopy and 
energy-loss electron spectroscopy (EELS). The content of this section is based on refer-
ences [28, 29, 30]. 
 
In this work; morphological, chemical composition and crystalline structure of nano-
particles were predominantly studied using FEI Tecnai F20 TEM and CM12 Philips TEM. 
The samples for TEM investigation were prepared by dropping few microliters of the na-
noparticle solution onto amorphous carbon films supported on a copper grid and dried in 
ambient conditions. 
 
A simplified ray diagram of a TEM consists of an electron source, a condenser lens 
system with aperture, the sample to analyze, an objective lens system with aperture, a pro-
jector lenses and a fluorescent screen imaging system.  The schematic illustration of an 





Figure 2-4. Simplified ray diagram of a TEM consisting of an electron source, a condenser lens system with 
aperture, a sample, an objective lens system with aperture, projector lenses and a fluorescent screen. 
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The electron source is either an electrically heated tungsten filament (CM12 Philips 
microscope) or a single-crystal LaB6 cathode (TECNAI). The electrons are ejected from 
the gun by means of thermionic or field emission, respectively, and accelerated by the high 
voltage (100-300 kV). The electron gun emits electrons (electron beam) that are accelerated 
by the high potential and focused via the condenser lens system onto the sample in vacuum. 
When the electrons from the electron gun enter the sample, they are scattered as they pass 
through it, focused by the objective lens system, amplified by magnifying lenses, and fi-
nally they produce an image in the fluorescent screen. 
 
When an accelerated electron enters the specimen it interacts with its atoms and a 
variety of signals are produced by electron-sample interactions (see Figure 2-5). The gen-
erated signals that derive from these interactions are collected and reveal information about 





Figure 2-5. Electron-sample interactions in the TEM. The signals are generated when a high-energy electron 
beam interacts with a thin specimen. The directions shown for each signal do not necessarily represent the 
physical direction of the signal but indicate, in a relative manner where the signal is detected. Adapted from 
[29]. 
 
 The main part of the electron beam transmitted by the sample consists of electrons 
that have not undergone any scattering. The beam also contains electrons that have been 
reflected or scattered (change in the trajectory) by the atoms of the sample, without losing 
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energy (elastic scattering). In addition to the directly transmitted and the diffracted elec-
trons, there are other electrons in the beam that undergo inelastic scattering and lose energy 
by creating excitations in the specimen. A very important source of inelastic scattering oc-
curs when the incoming electron induces as single-electron excitation in an atom. This 
might involve inner core atomic levels of atoms, such as inducing a transition from a lower 
level to a higher energetic level. This electronic excitation can decay via the return of ex-
cited electrons to their ground states, thereby producing secondary radiation, which often 
gives useful information about the sample. These types of transitions are utilized in various 
branches of electron spectroscopy.   
 
The bright-field TEM images are produced by electrons scattered elastically through 
the small angles (so-called Bragg scattering). The bright-field contrast depends both on 
specimen material, its structure and orientation with respect to the beam. This kind of im-
ages are used for morphological and indirect structural characterization. Despite of other 
available modern techniques [31] the size distribution studies of the samples presented in 
this thesis have been done by measuring the two dimensional projection of nanoparticles in 
TEM bright field images with adequate magnification.  
 
In contrast, the high-angle annular dark-field (HAADF) technique provides images 
produced by electrons scattered at high angles (4-11º). These electrons undergo the so-
called Rutherford forward scattering, which is the consequence of interaction between the 
electrons and the atomic nuclei of the specimen. The scattering cross section, and thus the 
contrast in the HAADF images, is directly proportional to Z2. In other words, HAADF 
contrast, also called Z-contrast, directly reflects the distribution of the different elements in 
the sample. In some cases, this technique is combined with scanning transmission electron 
microscopy (STEM) in which the electron beam is being focused down to a small spot (1 
nm) and scanned through the sample. 
 
Energy dispersive X-ray (EDX) spectroscopy was used to determine the chemical 
composition of the nanoparticles. When an incident electron of the electron beam hits an 
atom in the specimen, there is a probability of transferring its energy to the electron shell 
and ionize the atom. The ionized atom now has an electron vacancy in a certain shell. The 
electrons in outer levels will jump into this vacancy to restore the stationary state of the 
atom. During this process, X-ray radiation with an energy equal to the energy difference 
38  Theoretical background 
between the levels is emitted. Each element has a unique electron shell structure, so the X-
rays generated by the specimen are characteristic. Each type of atom produces several peaks 
in the spectrum corresponding to the transitions between different energy levels. By com-
paring the weighted integrated intensities of the peaks, the concentration ratio of the ele-
ments can be determined. EDX spectroscopy measurements performed in STEM mode also 
allow to determine the elemental distribution within the sample along a chosen line (so-
called line scan) or to obtain a two dimensional elemental map. 
 
Electron energy loss spectroscopy (EELS) utilizes the electrons that undergo inelastic 
scattering and lose energy after the interaction with the specimen. The amount of energy 
loss, measured using an electron spectrometer, provides as well information about the 
chemical composition of the sample. 
 
To elucidate the crystalline structure of the sample, a diffraction pattern in the TEM 
is recorded. It shows concentric rings of scattering peaks corresponding to the various d 
spacing in the crystal lattice.  The position and the intensities of the peaks are used for 
identifying the underlying crystalline structure (or phase) of the material.  
 
Since conventional TEM images provides only the two-dimensional projections of 
the specimen, a method called 3D tomography is used to determine the three-dimensional 
morphology of cobalt oxide octahedra (results presented in section 5.5). This method con-
sist of acquiring a series of TEM images by tilting the sample over a large tilt range, typi-
cally -70º to +70º, with an increment of 1°. After alignment of the projection images, the 
tilt series is combined into a 3D reconstruction of the original object through a mathemati-
cal algorithm [32, 33].  
 
 
2.3.2 SQUID magnetometry 
 
A SQUID (Superconducting Quantum Interference Design) magnetometer manufac-
tured by Quantum Design (model MPMSXL) was used to study the magnetic properties of 
the powder samples.  This instrument makes possible the study of the magnetization of 
relatively small samples (milligrams) at temperatures ranging from 5-390 K in fields up to 
5 T. The SQUID magnetometer gives a quantitative measure of the magnetic moment, 
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measured either as a function of the temperature in a constant field or as a function of the 
applied field at constant temperature. This data is used to determine saturation magnetiza-
tion, remanent magnetization, coercive field and transition temperatures (Curie Tempera-
ture TC for ferromagnets or Néel temperature TN for antiferromagnets). 
 
The magnetometer system contains several different components including a com-
puter operating system, a temperature control system, a sample transport system, a detec-
tion system, etc. The scope of this section is not to give a comprehensive review of the 




Figure 2-6. Sketch of SQUID magnetometer, showing the principal superconducting components and their 
location in the system, as well as the sample position. 
 
Figure 2-6 shows a sketch of a SQUID magnetometer. The main components are: 
 
 superconducting magnet that generates large magnetic fields, 
 a superconducting detection coil which couples inductively to the sample, 
 a Superconducting Quantum Interference Device (SQUID) connected to the 
detection coil, 
 a superconducting magnetic shield surrounding the SQUID.  
 
This magnetometry system employs a superconducting magnet wound in a solenoidal 
configuration.  Superconducting magnets are made of materials with high critical fields (i.e. 
Nb3Sn) that can sustain high current densities (zero resistance to the flow of DC electrical 
current), and therefore generate high magnetic fields when wound into a solenoid. The mag-
net is then constructed as a completely closed superconducting loop, allowing it to be 
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charged up to a specific current, then operated during a measurement in persistent mode 
without benefit of an external power supply.  
 
Even though a SQUID magnetometer is the most sensitive device available for meas-
uring magnetic fields, it does not detect directly the magnetic field from the sample.  In-
stead, the sample moves through a system of superconducting detection coils that are con-
nected to the SQUID with superconducting wires, allowing the current from the detection 





Figure 2-7. Schematic representation of the detection coil system. It consists of a superconducting wire wound 
in a set of three coils. Adapted from [34]. 
 
The detection coil is a single piece of superconducting wire wound in a set of three 
coils configured as a second-order (second-derivative) gradiometer, as shown in Figure 2-7. 
In this configuration, the upper coil is a single turn wound clockwise, the center coil com-
prises two turns wound counter-clockwise, and the bottom coil is a single turn wound clock-
wise. The coils are positioned at the center of the superconducting magnet outside the sam-
ple chamber such that the magnetic field from the sample couples inductively to the coils 
as the sample is moved through them. The radiometer configuration is used to reduce noise 
in the detection circuit caused by fluctuations in the large magnetic field of the supercon-
ducting magnet. The gradiometer coil set also minimizes background drifts in the SQUID 
detection system caused by relaxation in the magnetic field of the superconducting magnet. 
Ideally if the magnetic field is relaxing uniformly, the flux change in the two-turn center 
coil will be exactly canceled by the flux change in the single-turn top and bottom coils.  On 
the other hand, the magnetic moment of a sample can still be measured by moving the 
sample through the detection coils because the counter wound coil set measures the local 
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changes in magnetic flux density produced by the dipole field of the sample. 
 
These superconducting detection coils are connected to the SQUID with supercon-
ducting wires, allowing the current from the detection coils to inductively couple to the 
SQUID sensor. Then, the SQUID electronics produces an output voltage, strictly propor-
tional to the current flowing in the SQUID input coil. Hence, the thin film SQUID device, 
which is located approximately some centimeters below the magnet inside a superconduct-
ing shield, essentially functions as an extremely sensitive current-to-voltage convertor. To 
measure even tiny magnetic flux, SQUIDs make use of a device called Josephson junctions. 
A Josephson junction is made up of two superconductors separated by a thin insulating 
layer through which electron pairs known as Cooper pairs can tunnel, creating an electrical 
current. The Cooper pairs on each side of the junction can be represented by a wave func-
tion similar to a free particle wave function. In the DC Josephson effect, a current propor-
tional to the phase difference of the wave functions can flow in the junction in the absence 
of an applied voltage (the DC Josephson effect).  
 
 
Figure 2-8. Schematic representation of a Superconducting Quantum Interference Device (SQUID), that 
makes use of Josephson junctions, where the electrons can tunnel through between the two superconductor 
regions creating an electrical current [35]. 
 
Because of the SQUID´s extreme sensitivity to fluctuations in magnetic fields, the 
sensor itself must be shielded both from fluctuation in the ambient magnetic field of the 
laboratory and from the large magnetic fields produced by the superconducting magnet.  
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Summarizing, the measurement is performed by moving the sample through the su-
perconducting detection coils, which are located outside the sample chamber and at the 
center of the magnet. As the sample moves through the coils, the magnetic moment of the 
sample induces an electric current in the detection coils. Because the detection coils, the 
connecting wires, and the SQUID input coil form a closed superconducting loop, any 
change of magnetic flux in the detection coils produces a change in the persistent current 
in the detection circuit, which is proportional to the change in magnetic flux. Since the 
SQUID function is a highly linear current-to-voltage convertor, the variations in the current 
in the detection coils produce corresponding variations in the SQUID output voltage which 
are proportional to the magnetic moment of the sample. Excellent reviews of this charac-
terization technique are [36, 37, 38, 39]. Further information on the magnetometry system 
and the measurements can be found in the MPMS User’s manual and in the Application 
Notes and Technical Advisories available from Quantum Design Company [34]. 
 
 
2.3.3 Other techniques  
 
A scanning electron microscope (SEM) was used to characterize the morphology and 
chemical composition of iron-cobalt nanowires (see chapter 3) and to check out the align-
ment of cobalt-nickel nanorods deposited on a substrate (see Appendix II). In scanning 
electron microscopy, a beam of accelerated high-energy electrons (keV) is focused at the 
surface of the specimen and scanned across it in a pattern of parallel lines. When the elec-
trons strike the sample, they interact with the atoms and their kinetic energy is dissipated 
as a variety of signals produced by electron-sample interactions. The generated signals that 
derive from these interactions (like in the TEM) are collected so that, they can reveal infor-
mation about the sample surface topography, chemical composition and crystalline struc-
ture. For instance, by scanning the sample and detecting the secondary electrons emitted 
from the atoms occupying the top surface, an image displaying the topography of the sur-
face is created. The SEM is also capable of performing quantitative analysis of chemical 
composition of selected point locations on the sample. The interaction of the primary beam 
with atoms in the sample causes shell transitions which result in the emission of X-ray 
radiation with a certain energy characteristic of the parent element. Thus, the detection and 
measurement of these energies permits the elemental analysis (energy dispersive X-ray 
spectroscopy or EDX). For more extensive detailed information the reader is referred to 
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[28, 40]. 
 
Atomic force microscopy (AFM) was used as an additional technique to determine 
the surface morphology of the iron-cobalt nanowire sample. In contrast to other microscopy 
techniques, AFM probes the sample in three dimensions. Since SEM was not capable of 
providing information of the vertical dimension of the sample (z component, normal to the 
sample surface), AFM was used for mapping the surface topography (see section 3.3.2). 
AFM in the tapping mode operates by rasting a cantilever with a sharp tip across the sample 
surface. The tip-cantilever probe oscillates at the sample surface while the tip is scanned, 
thus, the tip lightly taps the sample surface while rastering (once in each oscillation cycle). 
The cantilever oscillation amplitude changes with sample surface topography and the to-
pography image is obtained by monitoring these changes. For further reading, the reader is 
referred to [41, 42, 43]. 
 
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 
chemical analysis (ESCA) is used to analyze the surface chemistry of CoNi nanorods (sec-
tion 4.4) and CoO octahedral nanocrystals (section 5.4). It is a surface-sensitive analytical 
technique that provides information of both elemental composition of the sample and the 
chemical state of the elements within the material. XPS spectra are obtained by irradiating 
a solid surface in a UHV environment with a beam of X-rays while simultaneously measur-
ing the kinetic energy and number of electrons that are emitted from the top few nanometers 
of the material being analyzed. The kinetic energy of these ejected electrons depends upon 
the photon energy of the X-rays and the binding energy of the electron (i.e., the energy 
required to remove the electron from the surface). The later depends on the element from 
which the electron is emitted and the orbital from which the electron is ejected. Thus, the 
energies and intensities of the photoelectron peaks enable the identification and quantifica-
tion of all surface elements and corresponding chemical states [44, 45]. As mentioned in 
section 2.3.1, EELS spectroscopy provides similar information. 
 
The structural characterization of several samples presented in this PhD thesis is sup-
ported by X-rays diffraction (XRD) technique (see sections 5.4). It relies on the dual 
wave/particle nature of X-rays to obtain information about the structure of crystalline ma-
terials and atomic spacing. The dominant effect that occurs when an incident beam of mon-
ochromatic X-rays interacts with a target material is the scattering of those X-rays from 
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atoms within the target material. In materials with regular structure (i.e. crystalline), the 
scattered X-rays undergo constructive and destructive interference, what is nothing else but 
the diffraction process. When the interaction of the incident rays with the crystalline sample 
produces constructive interference, the diffraction condition is satisfied and the X-ray dif-
fraction process is described by Bragg´s law [2]. This law relates the wavelength of the 
electromagnetic radiation to the diffraction angle and the lattice spacing in a crystalline 
sample. The diffracted X-rays are then detected, processed and counted. In powder or pol-
ycrystalline materials, that are composed of many tiny crystallites randomly oriented in all 
possible orientations, all possible diffraction peaks and hence, all the interatomic distances 
can be detected by scanning the sample through a range of 2θ angles. The peak positions, 
intensities, widths and shapes, all provide important information about the structure of the 
material. Conversion of the diffraction peaks to d-spacings allows identification of the ma-
terial with a set of unique d-spacings. Typically, this is achieved by comparison of d-spac-



























3 Iron-cobalt nanowires 
 
All samples of nanowires discussed in this chapter have been produced by the group 
of Prof. Manuel Vázquez Villalabeitia in the Spanish National Research Council (CSIC: 
Consejo Superior de Investigaciones Científicas) in Madrid (Spain), at the ICMM. The re-
search herein reported focuses on the magnetic hardening of Fe30Co70 nanowires (with av-
erage diameters of 20 nm and 40 nm and average lengths of 6 µm and 7.5 µm, respectively) 
by means of magnetic pinning at the tips of the nanowires, using anodic aluminum oxide 
(AAO) templates. In this regard, two different materials were studied as the capping layer: 
naturally formed FeCo oxide layer (ferrimagnetic material) and sputtered Ni50Mn50 alloy 
(antiferromagnetic material). The procedure of magnetic hardening is described in detail. 
Afterwards, the trend of the coercive field at different steps of the process measured by 
SQUID magnetometry is analyzed. The experimental findings are supported by micromag-





Porous aluminum oxide (named Anodic Aluminum Oxide: AAO) membranes have 
become an ideal scaffold for the fabrication of aligned nanowires [46, 47, 48]. Anodization 
of aluminum foil at controlled conditions can produce regular patterns of cylindrical pores, 
with highly controllable pore diameter and good periodicity [49, 50, 51, 52, 53, 54]. Such 
a well-defined nano-architecture can be used as a template in the production of aligned 
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As discussed in the section of scope and objectives, alternative magnetic materials 
that do not contain rare earth elements have been intensively investigated for permanent 
magnet applications. In this regard, 3d transition metals based magnetic nanowires were 
suggested as possible candidates [55]. The large magnetization of 3d elements offers a very 
strong magnetic shape anisotropy when considering nanowires with a high aspect ratio 
(L/D, where L and D are the length and the diameter of nanowires, respectively). Conse-
quently, aligned ensembles of such nanowires will show a large coercive field and a high 
remanent magnetization, both parameters required for permanent magnets.  
 
Moreover, these nanowires considered have one dimension (the diameter) smaller or 
comparable to the characteristic critical single domain size [56]; rendering very unfavora-
ble multiple magnetic domain states, and consequently avoiding magnetic softening effects. 
In addition, 3d metals and their alloys have high Curie temperatures, which render the per-
manent magnet also suitable for technological applications at elevated temperatures. 
 
Hence, it is undoubted that 3d transition metal based magnetic nanowires embedded 
in AAO membranes are good alternative candidates for high performance permanent mag-
net applications. Indeed, a large energy product of aligned pure Co and CoPt alloy nanowire 
assemblies has already been reported [55, 57, 58]. Moreover, magnetically hard nanowires 
aligned in porous anodic aluminum oxide (AAO) membranes have been discussed for ap-
plications in ultrahigh density magnetic storage devices [59], read-write recording heads 
[60] and magnetic field sensors [61].  
 
According to the Slater-Pauling curve, binary FeCo alloys have the largest saturation 
magnetization among the 3d alloys yielding the largest shape anisotropy field HA in high 
aspect-ratio nanowires [62, 63]. In addition, for a high performance permanent magnet a 
high packing density of magnetic nanowires is required. Close packing, however, leads to 
large magnetostatic interactions among nanowires, which significantly reduce the effective 
shape anisotropy field [64, 65]. For nanowire arrays in an AAO matrix the magnetostatic 
coupling between them depends on the volume fraction (porosity factor P) of the magnetic 
material in the template [66]. It has been shown [67, 68] that the effective anisotropy field 






𝜇0𝑀𝑠(1 − 3𝑃)      (Equation 3-1) 
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From this equation it follows for P = 1/3 that the dipolar coupling between nanowires 
equals the shape anisotropy field and therefore a “hard axis-like” behavior in both direc-
tions parallel and perpendicular to the nanowire axis is observed [67]. Only a large magne-
tocrystalline anisotropy with the easy axis being aligned to the nanowires axis can over-
come the effect of those magnetostatic interactions in highly packed nanowire arrays.  
 
So far ideal single domain nanowires arranged in close-packed arrays have been con-
sidered. Experimentally it has been found that the coercive field of nanowire arrays is three 
times smaller than the shape anisotropy field, even with P << 1/3 [59].  Micromagnetic 
simulations have revealed that this softening in magnetic nanowires derives from the for-
mation of a vortex and the nucleation of domain walls at their tips, with a subsequent depin-
ning and propagation of domain walls along the length of the nanowire, which reduces HC 
[69, 70, 71, 72]. These magnetic reversal modes strongly depend on sample properties, i.e. 
material and composition, crystalline structure, morphology (shape and size) and magne-
tocrystalline anisotropy [72]. In any case, the nucleation starts at the tips where the local 
demagnetizing field, which is almost parallel to the external field, has the largest value [69].  
 
Accordingly, in this study, the exploitation of the interfacial exchange between fer-
romagnetic and antiferromagnetic or ferrimagnetic materials with high magnetocrystalline 
anisotropy is analyzed for the improvement of the performance of rare-earth-free perma-
nent magnets based on 3d metal nanowires. The fact that domain wall nucleation occurs at 
the nanowires tips suggests that any pinning of the magnetization at this position will ef-
fectively increase the coercive field. Since it has been shown that in nanometer-sized FeCo 
and CoNi particles large magnetic anisotropies can be induced by oxidation of their sur-
faces [73, 74], it is therefore reasonable to think that the coercive field of nanowires can be 
increased by oxidizing their ends. Following this idea, nanowires tips were therefore re-
leased from the AAO membrane to form either a FeCo oxide layer (ferrimagnetic material) 
by natural oxidation or sputter an antiferromagnetic Ni50Mn50 layer, both tested inde-
pendently as pinning layers. The gain in coercive field due to this interfacial exchange was 
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3.2 Synthesis 
 
3.2.1 Electrochemical method 
 
Iron-cobalt nanowire arrays were synthesized using the electrochemical deposition 
method with an AAO template at room temperature. The mechanism behind the growth of 
the porous AAO nanostructure is out of the scope of this thesis and the reader is referred to 
the literature [49, 50, 51, 52, 53, 54, 75], which present an excellent overview of the state 
of the art of this technique and describe precisely the mechanism of formation of these 
templates. 
 
A regular self-organized porous nanostructure can be formed when aluminum is an-
odized in acidic media. The anodization of aluminum is an electrochemical process that 
modifies the surface chemistry of the metal, via oxidation, to produce an anodic oxide layer. 
After a two-step anodization process, the resulting anodic aluminum oxide (AAO) mem-
brane consists of a porous structure in which the pores are arranged in a highly ordered 
honeycomb-like nano-architecture. The pores are characterized by a high aspect ratio that 
favors their use as hollow templates in the production of align magnetic nanowires by elec-
trodepositing the magnetic material inside.  
 
Though many types of nanocomposites have been already fabricated using anodic 
porous alumina as a host material, in 1995 Masuda and Fukuda developed a process for 
fabricating a nanohole array in which the honeycomb structure of the anodic porous alu-
mina is replaced through a two-step molding process [49]. After the first anodization, the 
cell arrangement of anodic porous alumina is usually very different from the ideally packed 
hexagonal columnar array. However, a second anodization step can produce porous alu-
mina with a highly ordered cell configuration. 
 
After this process, the anodic porous alumina has a close-packed array of columnar 
hexagonal cells with central, cylindrical, uniformly sized holes ranging from 6 to 200 nm 
in diameter [76]. Figure 3-1 (a) presents a sketch of the top view of these membranes.   
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Figure 3-1.  (a) Sketch of the top view of the AAO membrane after the second anodization with a magnified 
region shown in (b). dip in the interparticle distance, dc-c is the distance from center to center of nanowires 
and D is the diameter of space where to grow the nanowires, and thus, the final diameter of the nanowires as 
well. 
 
Geometrical characteristics of these membranes, such as pore diameter, periodicity 
and density distribution (see Figure 3-1) can be all controlled by tuning the experimental 
parameters (applied  voltage, time of anodization, acid type, molarity, etc.) used during the 
production of these structures.  For example, a wide variety of acids have been tested for 
the anodization process to address specific applications, from which it turned out that ox-
alic, phosphoric and sulfuric acid are suitable to manufacture nano-pores and tune the in-
terpore distance. It is worth mentioning that the purity of aluminum foils used as starting 
materials have a direct bearing on the dissolution rate, which lastly has a significant impact 
on the morphology of the resulting nanostructures [77]. Thus, high purity aluminum foils 
are required. 
 
In this thesis, the ordered templates were prepared by double anodization process 
from high purity (99.999%) aluminum foils. In order to study the size dependent magnetic 
properties of FeCo nanowires, two types of membranes were produced with 20 and 40 nm 
in diameter with the following specifications. The thickness (i.e., pore length) for both tem-
plates was kept to about 40 µm. For the template with pore diameter of 40 nm, anodization 
was carried out with oxalic acid electrolyte under 40 V constant voltage and keeping the 
temperature at 4 ± 0.5 ºC. First and second anodization processes lasted for 24 h and 20 h, 
respectively. The template with pore diameter of 20 nm was obtained using sulfuric aque-
ous solution as electrolyte, applying a constant voltage of 20 V and keeping the temperature 
in the range 0.5 ± 0.5 ºC. First and second anodization processes lasted for 16 h and 3 h, 
respectively. For both templates, an ordered hexagonal arrangement of the pores in AAO 
membranes was achieved as shown below in Figure 3-7 and sketched in Figure 3-2 (a). 
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After the formation of the pore membranes, residual Al and the alumina barrier layer 
at the bottom of foils were chemically etched. A thin 50 (100) nm thick gold layer for the 
20 (40) nm pore membranes was subsequently sputtered to serve later as an electrode for 
the final electroplating of nanowires, as sketched in Figure 3-2 (b and c). Please note that 
the ratio of nanowires length and AAO membrane thickness (pore length) in the sketch is 




Figure 3-2. Sketch of the process of electroplating. (a) Drawing of the AAO structure with cylindrical holes 
arranged in a highly ordered honey-comb nano-architecture, which serve as template for the nanowire syn-
thesis. (b) Deposition of a gold layer for electroplating (in yellow). (c) Schematics of nanowires electrochem-
ically grown inside the pores of the AAO membrane.  
 
Fe30Co70 alloy nanowires were grown into the nanopores of AAO templates by DC 
electrodeposition from sulphate-based electrolytes containing 0.12 M CoSO4∙7H2O + 0.098 
M FeSO4∙7H2O + 0.16 M H3BO3 + 0.06 M C6H8O6 at ambient temperature. The pH value 
was kept constant at 3.0 ± 0.2. Thus, two samples of Fe30Co70 alloy nanowires were pre-
pared with average diameters of 20 and 40 nm.  
 
 
3.2.2 Partial removal of the AAO membrane 
 
For pinning the magnetic nanowires by ferri- or antiferromagnetic materials, the up-
per few tens of nanometers of the membrane were removed. Schematic representations 
shown in Figure 3-3 illustrate the strategy. At first, a small piece of each sample (Figure 
3-3 (a)) was glued onto a silicon substrate for better stability. Each piece was glued upside 
down with the Au layer on topside using GE varnish (Figure 3-3 (b)). The samples are 
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glued in such way to reduce difficulties in the process of partial removal of the AAO mem-
brane, which is actually a challenging issue and has not been described in the literature. 
Please note that the nanowires are 6-7 µm in length and the total pore length is about 40 
µm, which means that only the bottom first few microns of the membrane pores (gold layer 
side) are filled with magnetic material during electroplating and more than 30 µm of the 
pores are still empty above (Figure 3-3 (a)). It is easier then to control the partial removal 
of the membrane when starting the process from the gold side, where only few nanometer 
of the membrane must be removed to have free-standing nanowires. If the partial removal 
of the membrane is carried out starting in the other side (opposed to gold layer), several 
micrometer should be removed to obtain free-standing tips, which would become much 
more complicated. 
 
An aqueous solution of potassium iodine and iodine was used to remove the gold 
layer (Figure 3-3 (c)). With the aim of removing partially the AAO membrane, the sample 
was kept for 4 min at 60°C in the so-called orange solution, which is a mixture of phos-
phoric acid (H3PO4 : 6.9 wt.%) and chromic acid (H2CrO4 : 1.8 wt.%) [78]. The AAO 





Figure 3-3. Schematic drawing of the process of the partial removal of the AAO membrane. Cross-sectional 
drawing are depicted in the first row with corresponding 3D perspective underneath. (a) Initial state of the 
samples of FeCo nanowires embedded in the AAO membrane. (b) Samples glued onto silicon substrate with 
Au layer (in yellow) on top, and used as an electrode during electrodeposition on top side. (c) Samples after 
removal of the gold layer. (d) Samples after partial removal of the AAO membrane, which leads to a self-
standing opened nanowires tips exposed to air (to form naturally FeCo oxide layer), or alternatively, (e) 
samples after deposition of an antiferromagnetic NiMn capping layer (in green). 
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As a consequence, the nanowires remain aligned in the alumina membrane with a 
freestanding tip exposed to air, which causes the natural oxidation of their tips. This oxida-
tion process leads to a magnetic hardening of the nanowires as discussed in detailed in the 
subchapter 3.4. 
 
3.2.3 Sputtering of Ni50Mn50 on sample surface 
 
After studying the effect of magnetic pinning of the nanowires with naturally formed 
FeCo oxide layer at the nanowires tips, a similar study was done using an antiferromagnetic 
NiMn layer. To accomplish this study, the sample with free standing nanowires (Figure 3-3 
(d)) was introduced in a UHV-compatible plasma etching system, where the oxide layer 
was reduced by hydrogen plasma. Firstly, the hydrogen plasma was applied for 20 min at 
room temperature, with a pressure of 1.4·10-1 mbar, DC bias voltage of -500 V and power 
of 50 W. Afterwards, a 30 nm Ni50Mn50 layer was deposited in-situ on the sample surface 
(see Figure 3-3 (e)) by radiofrequency sputtering for 35 min at a frequency of 13 MHz 
under an Ar+ pressure of 2.8·10-1 mbar. The dc-bias voltage was -400 V and the power was 
50 W. The detailed structural and magnetic characterization of the samples accomplished 
at different stages of the magnetic hardening process follows in chapters 3.3 and 3.4. 
 
 
3.3 Structural characterization 
 
3.3.1 Scanning Electron Microscopy 
 
Scanning Electron Microscopy (SEM) was used to characterize the morphology of 
the membranes and the nanowires synthesized. Figure 3-4 shows cross sectional SEM im-
ages of the FeCo nanowires sample glued onto the silicon substrate. Figure 3-4 (a) shows 
a low magnification image where the sample of 40 nm in diameter nanowires (appreciated 
as a nearly horizontal line with contrast variations in the middle of the image) is glued onto 
the silicon substrate (seen in white). Figure 3-4 (b) depicts a magnified image of the se-
lected area marked in red in Figure 3-4 (a). Two different regions can be distinguished, 
illustrating that only few micrometers of the pores in the AAO membrane are filled with 
FeCo. 
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Figure 3-4. Cross-sectional SEM images of 40 nm in diameter nanowires sample glued onto a silicon sub-
strate (a) and enlarged image of the selected area (b). 
 
Lateral SEM images of FeCo nanowires samples of 40 nm and 20 nm in diameter 
before partial AAO removal are displayed in Figure 3-5 (a) and (b), respectively (sketched 
in Figure 3-3 (b)). In both cases, the images show that all pores have been filled homoge-
neously leading to high quality nanowires with constant diameter of 41 ± 2 and 20 ± 1.5 
nm, correspondingly. The porosity value stays constant for both samples (P = 0.13) while 
the center-to-center distances are dc-c = 105 nm and 53 nm for the nanowires samples of 40 
nm and 20 nm in diameter, respectively. Further details are given in Table 3-1. 
 
 
Figure 3-5. Cross-section SEM images of the FeCo nanowire sample with 40 (a) and 20 nm in diameter (b). 
All pores of the AAO membrane (dark) have been filled homogeneously with magnetic material forming nan-
owires (bright). 
 












20 nm 20 ± 1.5  53 ± 2  6 300 0.126 
40 nm 41 ± 2  105 ± 2  7.5 188 0.130 
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The porosity value was calculated using the equation: 
 








   (Equation 3-2) 
where P is the porosity factor, r is the nanowires radius and dc-c is the distance from 
center to center of neighbouring nanowires [66]. 
 
The chemical composition of the FeCo nanowires was determined by quantitative 
Energy Dispersive X-Ray Spectroscopy (EDX), which confirmed an alloy composition of 





Figure 3-6. Energy dispersive X-ray spectrum of the 40 nm diameter nanowires sample performed on the 
area marked in the cross-sectional SEM image (inset), which confirm an allow composition of 
Fe(30.6±0.5)Co(69.4±0.6). 
 
The surface morphology of both samples at the different stages of the AAO removal 
process was imaged by SEM.  Only the study of the 40 nm diameter sample is shown for 
simplification. A top view SEM image of the 40 nm diameter sample after the removal of 
the gold layer is shown in Figure 3-7 (a) and corresponds to the sketch represented in Figure 
3-3 (c) viewed from the top perspective. The dark circular periodic structure corresponds 
to the nanowires embedded in the honey-comb nanostructured AAO membrane (light 
gray).  




Figure 3-7. Top view SEM image of FeCo nanowires sample of 40 nm in diameter before (a) and after partial 
removal of the AAO membrane (b). The circular periodic structures are the nanowire tips, embedded in the 
AAO membrane, which is seen as a hexagonal structure. The varying background contrast is due to charging 
of the AAO substrate while scanning. 
 
The result after the partial removal of the AAO membrane with orange solution is 
shown in Figure 3-7 (b) and corresponds to the sketched depicted in Figure 3-3(d). In this 
case, the bright circular periodic structures are the free standing nanowires tips and the 
darker background is the AAO membrane. The color inversion is due to the difference in 
height of the nanowires with respect to the AAO membrane and the number of electrons 
leaving the specific materials.  Prior to the partial removal of the membrane (Figure 3-7 
(a)), the nanowires tips present equal high level as the membrane. However, after removing 
partially the membrane (Figure 3-7 (b)), the nanowires tips are free standing for several 
tens of nanometers with respect to the AAO membrane surface. The varying background 
contrast of both images as well as the apparent elongation of some rod tips in panel (b) are 
due to charging of the AAO membrane while scanning. 
 
 
3.3.2 Atomic Force Microscopy  
 
The height of the nanowires free standing tips after the partial removal of the mem-
brane was characterized by Atomic Force Microscopy (AFM). Figure 3-8 depicts the AFM 
measurement of the 40 nm nanowires sample (a) and the height profile corresponding to 
the line scan performed along the black line pointed with an arrow in AFM image (b). The 
color coded scale included in panel (a) represents the height of the free standing nanowires 
tips with respect to the AAO membrane surface and its analysis indicates that the partial 
removal of the template was successful. Accordingly, about 40-70 nm of the top side of the 
AAO membrane was etched.   
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Figure 3-8. (a) AFM measurement of the 40 nm nanowires sample. (b) Height profile corresponding to the 
line scan performed along the line pointed with black arrow in (a). The color coded scale included in panel 
(a) represents the height of the free standing nanowires tips with respect to the AAO membrane surface. The 
apparent broadening of nanowire tip diameters to about 100 nm in panel (a) is an artefact caused by the 
dimensions of the AFM cantilever. 
 
The three dimensional reconstruction of the sample surface as well as the statistical 
study of the free-standing tip height are presented in Figure 3-9 (a) and (b), respectively.  
A log normal function was used to fit the results and the statistical mean of free-standing 
nanowire tip length was found to be 56 nm with a statistical deviation of 13 nm. As a 
consequence, the nanowires remain aligned in the alumina membrane with a free standing 
tip between 40 and 70 nm long and exposed to air, undergoing consequently a natural oxi-
dation process. The length of the free-standing tip of the 20 nm sample was estimated to be 




Figure 3-9. (a) 3D reconstruction of Figure 3-8 (a). (b) Histogram of the statistical analysis of the free-
standing tip height of the nanowires compared to the AAO template surface. 
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The length variation of the exposed tips arises from (i) the sputtered gold layer with 
a certain thickness variation in the holes and (ii) the inhomogeneous etching process on the 
nanoscale regime. The apparent broadening of nanowire tip diameters to about 100 nm in 
the AFM image as compared to the SEM image of the identical sample (Figure 3-7 (b)) is 




3.4 Magnetic characterization 
 
The magnetic measurements were carried out using a Superconducting Quantum In-
terference Device (SQUID) magnetometer with temperature varying from 10 to 300 K and 
a maximum magnetic field of ± 2.0 T. The diamagnetic signals from the Si substrates and 
the glue were subtracted and all the data have been normalized to the saturation magneti-
zation.  
 
Hysteresis loops of both samples were measured at different steps of the synthetic 
process. Figure 3-10 shows hysteresis loops of the as-prepared 20 nm nanowires diameter 
sample (a) and 40 nm (b) with the external magnetic field applied parallel and perpendicular 





Figure 3-10. Hysteresis loops of nanowires of 20 nm (a) and 40 nm in diameter (b) measured at T = 300 K 
with the external magnetic field applied parallel (black) and perpendicular (red) to the nanowires long axis. 
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As expected considering the porosity factor P = 0.13 the magnetic anisotropy easy 
axis for both samples is parallel to the nanowire long axis, which is confirmed by the in-
spection of the hysteresis curves in Figure 3-10, being square-like shape when applying the 
field parallel to the nanowire axis and s-like shape when applying it perpendicularly. The 
saturation magnetization, Ms, coercive fields, HC, and normalized remanent magnetization, 
Mr/Ms, for both samples are summarized in Table 3-2. 
 
 
Table 3-2. Saturation magnetization Ms, normalized remanent magnetization Mr/Ms, and coercive field Hc 
obtained from SQUID magnetometry.  
Diameter Ms (MA/m) Mr/Ms μ0Hc (mT) 
20 nm 1.5 ± 0.2 0.84 ± 0.02 240 ± 2 
40 nm 1.6 ± 0.2 0.92 ± 0.02 220 ± 2 
 
 
The estimation of the saturation magnetization, Ms, includes calculations of nan-
owires volume fraction in AAO templates. In the present Fe30Co70 alloy the bulk saturation 
magnetization is 1.7 MA/m (𝜇0Ms = 2.2 T), and it is fairly close to the saturation magneti-
zation of both samples, 1.5 ± 0.2 MA/m and 1.6 ± 0.2 MA/m for 20 and 40 nm diameter 
nanowires samples, respectively. However, imperfections and vacancies may occur during 
the electrodeposition process of magnetic nanowires in the AAO template as well as flaws 
in the template itself. Thus, the difference between the calculated experimental and the 
literature values stems from the underestimation of the saturation magnetization due to 
these inhomogeneities in the electrodeposition process and not from the measurement tech-
niques. 
 
The measured coercive field of the 20 nm diameter sample is 240 ± 2 mT and for the 
sample of 40 nm in diameter is 220 ± 2 mT. It is worth to compare these experimental 
values with a simple theoretical approach. For the ideal case of an isolated cylindrical nan-
owire with the magnetocrystalline easy axis parallel to the nanowire axis and assuming 
coherent magnetization reversal the coercive field HC of this system can be estimated by: 
 
𝜇0𝐻𝑐 = 𝜇0𝐻𝐴 + 𝜇0𝐻𝑀𝐶 = (𝑁⊥ −𝑁∥)𝜇0𝑀𝑠 + 𝜇0𝐻𝑀𝐶        (Equation 3-3)  
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where 𝐻𝑀𝐶  denotes the magnetocrystalline anisotropy field, N⊥ and N∥ are the de-
magnetizing factors perpendicular and parallel to the nanowire axis, respectively. For nan-
owires with huge aspect ratio (L/D >> 10) the demagnetizing factors can be approximated 
by N⊥ = ½ and N∥= 0 [79]. The magnetocrystalline anisotropy of bcc FeCo crystals is small, 
about 50 times smaller than the value of hcp Co [80]. Therefore, HMC is very small as 
compared to HA  and the second term in equation (3-3) can be neglected. In this case, the 
coercive field of a FeCo nanowire may reach the value of 𝜇0𝐻𝑐 =  1/2 𝜇0𝑀𝑆 = 1.1 T, tak-
ing the bulk magnetization of Fe30Co70 (1.7 MA/m, 𝜇0Ms = 2.2 T). 
 
For both diameters herein considered, the coercive field Hc is significantly smaller 
than the theoretical upper limit estimated from the shape anisotropy field, and it is reduces 
to approximately 20% in both cases. This fact indicates that domain wall nucleation and 
propagation determines the magnetic reversal process rather than coherent rotation.  
 
In agreement with micromagnetic simulations [72], Hc is smaller for nanowires with 
larger diameter. The modeling, however, predicts a larger difference of the coercive fields 
of nanowires with D = 20 and 40 nm [69]. This large difference in the simulations is a 
consequence of the different mechanisms of magnetic reversal. Calculations showed that 
for these two different diameters the magnetic reversal mode usually changes from vortex 
(for d = 40 nm) to transverse domain walls (for d = 20 nm) [70, 71]. The domain wall 
nucleation and reversal types have the most significant influence on the coercive field of 
nanowires [70, 71, 81, 82]. In the two studied samples the difference in Hc is rather small 
(about 10%, see Table 3-2), suggesting that the magnetization reversal process in both sam-
ples is similar, and can most likely be described by vortex-like domain wall nucleation at 
the tips of the nanowires and its further propagation [82]. The reduced remanent magneti-
zation Mr/Ms, for the 20 nm diameter sample is smaller than for 40 nm sample, opposing 
theoretical predictions [71]. These disagreements between the experimental findings and 
calculations can be explained by the fact that the nanowires in these two samples may pos-
sess a different magnetocrystalline anisotropy energy density.  
 
To complete the magnetic characterization, low temperature magnetic properties 
were also recorded. The comparison of hysteresis loops of nanowires with non-oxidized 
tips (initial state) and open oxidized tips (OOT) (after partial removal of the membrane) is 
shown in Figure 3-11 for 20 nm (a) and 40 nm sample (b). The samples were measured at 
T = 10 K after field cooling (FC) in an external magnetic field of 2 T. The results obtained 
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from these low temperature measurements, including the normalized remanent magnetiza-





Figure 3-11. Hysteresis loops measured along the nanowire long axis at T = 10 K of 20 nm (a) and 40 nm 
(b) after field cooling in 2 T. The initial state is plotted in dashed black and after partial removal of the 
membrane (OOT: Opened Oxidized Tips) is presented in solid red. After releasing 40-70 nm of the surround-
ing AAO matrix and surface oxidation of the open tips the coercive field increases.  
 
 
Table 3-3. Values obtained from hysteresis loops measured at 10 K for both samples, with 20 and 40 nm in 
diameter: normalized remanent magnetization, coercive field Hc and exchange bias field Hex after cooling 
the sample in an external magnetic field of 2 T (Field Cooled). 
  
Sample 
20 nm 40 nm 
T = 10 
K(initial) 
T = 10 K 
(OOT) 
T = 10 
K(initial) 
T = 10 K 
(OOT) 
Mr/Ms 0.92 ± 0.02 0.95 ± 0.02 0.96 ± 0.02 0.97 ± 0.02 
μ0Hc [mT] 300 ± 2 320 ± 2 280 ± 2 340 ± 2 
μ0Hex [mT] 0 ± 2 0 ± 2 0 ± 2 6 ± 2 
 
 
At T = 10 K, a larger normalized remanent magnetization is observed and the coer-
cive field of both samples increases by 60 mT in comparison to the data at T = 300 K, both 
in the initial state. The increased coercive field at lower temperatures is due to the expected 
increase of the magnetocrystalline anisotropy with decreasing temperature [83, 84]. The 
hysteresis loops of the as prepared samples at T = 10 K are identical, independently whether 
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they were cooled at zero fields (ZFC) or at the field of 2 T (FC). 
 
After partial removal of the membrane, the ambient temperature hysteresis loops of 
as prepared and OOT samples are almost identical too. However, both OOT samples have 
increased the coercive field at T = 10 K (See Figure 3-11 and Table 3-3). Additionally, the 
40 nm diameter nanowires sample shows a slight shift of the hysteresis loop after field 
cooling in B = 2 T, indicating the presence of exchange bias. The coercive field Hc and 
exchange bias Hexch fields were calculated using Equations 2-15 and 2-16 respectively. 
 
The exchange bias effect is explained by the presence of an interface between the 
metallic FeCo core and the oxidized shell presented at the tips of the nanowires. FeCo ox-
idation usually forms cobalt ferrites (CoFe2O4) [73], which are ferrimagnetic. However, the 
growth of Co-rich or Fe-rich oxide layers, both possessing large magnetocrystalline anisot-
ropy, cannot be excluded here [74, 85]. For nanometer sized structures the efficiency of the 
exchange bias is proportional to the volume of the hard magnetic layer [86]. Consequently, 
a 3 nm passivating oxide layer has a larger effect on pinning the 40 nm nanowires as com-
pared to 20 nm nanowires. Interestingly, similar to FeCo nanoparticles with CoFe2O4 shells 
[73] the pinning of 40 nm nanowires tips leads to a shift of hysteresis loop at FC measure-
ments, and no shift for the zero field measurements (ZFC). The magnetic anisotropy of 
CoFe2O4 nanoparticles shows a extremely strong temperature dependence and decreases 
by two orders of magnitude with increasing temperature from 5 K to 300 K [87, 88]. This 
explains why we observe a remarkable increase of the nanowires coercive field after the tip 
opening at T = 10 K, and almost no effect of domain wall pinning at room temperature. 
 
Since for most of the applications, room temperature permanent magnets are needed, 
one of the possible ways to increase the coercive field at 300 K is to use another material 
as a pinning layer, which possesses a higher magnetocrystalline anisotropy energy and also 
a high ordering temperature (higher than room temperature). Equiatomic NiMn alloy 
(Ni50Mn50) is a suitable candidate (TN= 1070 K in bulk) has indeed been widely used as a 
pinning layer in exchange biased systems [89].  
 
Accordingly, a thin film of Ni50Mn50 was sputtered on the top surface of the sample, 
with aligned freestanding tips, after reducing the oxide layer with hydrogen plasma in an 
Ultra-high Vacuum (UHV) chamber [90], as explained in detail in section 3.2.3. On this 
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way, the antiferromagnetic material is in direct contact with the ferromagnetic FeCo alloy 
nanowires, and can consequently act as a pinning material for the surface spins of the 
Fe30Co70 nanowires. 
 
A detailed study of the process of the magnetic hardening was carried out. Figure 




Figure 3-12. Hysteresis loops measured along the nanowires long axis at T = 10 K of 40 nm diameter sample 
after field cooling in 2 T. The initial state is plotted in dashed black, an intermediate state (after removal of 
gold layer) is presented dotted blue (OT), after partial removal of the membrane (OOT) is presented in solid 
red and after sputtering Ni50Mn50 alloy is presented in dash-dotted green. After removing the gold layer, the 
tips of nanowires oxidize at the surface (Oxidized tips: OT), which leads to a slight increase of Hc. After 
releasing 40-70 nm of the surrounding AAO matrix the coercive field increases further (Open Oxidized Tips: 
OOT). At this point the coercive field is limited by the natural oxidation of the other end tip inside the AAO. 
Therefore the coercive field does not depend any longer neither on the length of the “opened” end neither 
the material used as pinning layer (Ni50Mn50). 
 
Micromagnetic simulations have shown that domain walls nucleate at the weaker tip 
of the nanowire (in this case the point of weakest pinning). Nanowires of the as prepared 
20 (or 40 nm) sample (initial state, dashed black curve in Figure 3-12) have only one “free” 
tip, with an about 3 nm thick oxide layer formed in air [81, 85]. The second end is in contact 
with the Au layer, that is, protected from oxidation (Table 3-4 a). The domain wall nucle-
ates at the tip in contact with the gold layer, as pointed out with a red arrow in Table 3-4 
(column a - single nanowire).  
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Table 3-4. Summary of the magnetic hardening process at the different stages (columns), which includes a 3-
dimensional sketch of the sample, a sketch of single nanowire and the increase of the coercive field with 
respect to the initial state.  In all the sketches of the single nanowire, the different materials are indicated in 
different colors and correspond to gold (yellow), Fe30Co70 alloy (black), FeCo oxide (brown) and Ni50Mn50 
alloy (green). The red arrows indicate where the domain wall nucleation starts.  
 
 
After removing the gold layer, these tips become partly oxidized leading to the slight 
increase of Hc of 12 mT (Table 3-4 - column b). The oxidation layer at this second tip is 
supposed to be thinner than the other one, due to the shorter exposure time to an oxygen-
rich environment, rendering the tip weaker and favoring the domain wall to nucleate. This 
intermediate state is called in the following as oxidized tips (OT). After the 40-70 nm 
“opening” nanowire tips (named as OOT: opened oxidized tips), the increase of the coer-
cive field is 60 mT with respect to the initial state, reaching a maximum value of 340 mT. 
At this stage of the process the domain wall nucleates at the other tip of the nanowire (ini-
tially oxidized end with the oxide thickness of about 3 nm), which determine the domain 
wall nucleation field (Table 3-4 - column c). The coercive field cannot be further increased 
and it does not depend any longer on the length of the “opened” end, and also of what 
material is pinning the other end (Table 3-4 - column d).  
 
An alternative possibility to increase the coercive field is to increase the thickness of 
the oxide layer at the nanowires tips.  It has been shown that the magnetic properties of 
these nanowires arrays are critically dependent of thermal treatment in oxygen atmosphere 
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[91]. To test this option and as a proof of principle, a post-oxidation step was also carried 
out. After partial removal of the AAO membrane, the 20 nm diameter sample was annealed 




Figure 3-13. Hysteresis loops measured along the nanowires long axis at T = 10 K of the 20 nm diameter 
sample after field cooling in 2 T. The initial state is plotted in dashed black, after partial removal of the 
membrane (OOT) is presented in solid red and after post-oxidation process is presented in dash-dotted blue. 
After releasing approximately 200 nm of the surrounding AAO matrix the coercive field increases further 
(OOT). At this point the coercive field is limited by the natural oxidation of the other end tip inside the AAO. 
However, after the post-oxidation process the coercive field increases slightly. 
 
Figure 3-13 shows the hysteretic changes after each processing step, including the 
initial state, after removing partially the AAO membrane (OOT) and after the post-oxida-
tion treatment. The coercive field increases by 20 mT when removing partially the AAO 
membrane with respect to the initial state (300 mT). At this point the coercive field is lim-
ited by the natural oxidation of the tip inside the AAO, as discussed above. Moreover, after 
the post-oxidation process the coercive field increases further. After annealing the samples 
at 300°C, the coercive field increase by another 10 mT, reaching a final value of 330 mT 
and confirming the hypothesis of increasing the coercive field of these type of samples by 
annealing them with oxygen plasma. In this way, the oxidized layer becomes thicker and 
thus, more effective in pinning the ferromagnet (FeCo alloy). 
 
In order to identify the effects of the oxide layers at the nanowires tips, the magnetic 
switching process was studied by micromagnetic simulations.  Even though this study is 
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out of the scope of this PhD thesis, some remarkable conclusions can be pointed out.  For 
further details, the reader is referred to [92]. The micromagnetic simulations were per-
formed assuming similar characteristics to the samples studied (cylindrical shape, high as-
pect ratio, stoichiometry anisotropy constants, etc.). The tips of the nanowires were sealed 
with an antiferromagnetic capping layer with thicknesses varying between 3 nm and 7 nm. 
The main conclusions are: 
 
1. The coercive field can be maximized by tuning the thickness of the capping 
layer, which has been proven experimentally increasing the oxide layer at the 
tip of the nanowires.  
 
2. Magnetically harder caps potentially yield larger HC. 
 
3. The experimentally measured increase of the coercive field is explained by the 
presence of the oxide capping layers (iron cobalt oxides with a spinel structure 
and a composition between Co1.1Fe1.9O4 and Co0.8Fe2.2O4). 
 
4. The antiferromagnetic capping layer is able to suppress the nucleation of do-






The magnetic hardening of FeCo nanowires by partial removal of the AAO mem-
brane was successfully attained and suggests the possibility of improving the performance 
for rare-earth free permanent magnet applications. 
 
 The formation of an about 3 nm thick FeCo oxide layer at the FeCo (20 and 40 nm 
average diameter and aspect ratio >> 10) nanowire tips, increases both, the remanent mag-
netization and the coercive field by 20 % at T = 10 K. These findings experimentally con-
firm that magnetic nanowires, even with large aspect ratios (L/D above 100), become de-
magnetized via nucleation and depinning of domain walls at the nanowire tips. Micromag-
netic simulations support the experimental findings and indicate that the measured gain of 
the coercive field can plausibly be explained by the presence of ferrimagnetic oxides as 
capping material and suppression of domain wall nucleation at the nanowires tips. 
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No further increase in the coercive field was achieved when the 40 nm diameter sam-
ple tips were coated by an antiferromagnetic NiMn layer, pointing out that the domain wall 
nucleate at the magnetically weaker nanowire tip. This fact indicates the importance of 
domain wall pinning at both tips of a magnetic nanowire. Moreover, the pinning efficiency 
is larger for larger nanowire diameters.  
 
Such procedure of partial removal of the membrane may be extended to other elec-
trodeposited nanowires in order to design and control their final magnetic properties. Fur-
thermore, free-standing tips can be coated by materials with different properties (i.e. opti-
cally active) after releasing from the AAO matrix, consequently offering partially covered 























4 Cobalt-Nickel nanorods  
 
Co80Ni20 nanorods have been synthesized by the polyol process, on which both mor-
phology and stoichiometry have been optimized for the improvement of the magnetic prop-
erties. Thus, in this chapter, the method of synthesis is described concisely at first and the 
attained morphology is explained according to the growth mechanism. Then, the structure 
and magnetic properties of Co80Ni20 are analyzed in detailed. The TEM study shows that 
the rods are partially oxidized at the surface, forming Co80Ni20 core/oxide shell nanorods. 
These oxides form a passivating layer around the ferromagnetic core in ambient conditions 
and can consequently promote a larger hysteretic energy product by exchange anisotropy 
between an antiferromagnetic oxide shell and the ferromagnetic metallic core. At the end 
of the chapter, the present results on Co80Ni20 core/oxide shell nanorods are quantitatively 





As already discussed in the previous chapter, alternative materials which do not con-
tain rare earth elements have been intensively investigated for permanent magnet applica-
tions, especially highly elongated nanomagnets like nanorods and nanowires [95, 96]. If 
the preparation technique or the synthetic method exerts control over the crystallographic 
orientation of the material along the nanorod geometry, one expects large coercive fields 
and high remanent magnetization stemming from the magnetocrystalline easy axis aligned 
parallel to the axis of the rod. Additionally, besides shape and magnetocrystalline contri-
butions, any further increase of magnetic anisotropy, e.g., by exchange coupling to an an-
tiferromagnetic material (exchange bias), will increase the energy product of the magnetic 
hysteresis of these nanostructures [97, 98]. Indeed, the idea of exploiting a combination of 
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shape, magnetocrystalline and exchange anisotropy in rare-earth free nanoscale anisotropic 
building blocks has been developed over the last decades and has received renewed atten-
tion over the last years [55, 99]. 
 
3d transition metal Fe or Ni nanorods do not have the potential to fulfil the needs of 
permanent magnets because of their low magnetocrystalline anisotropy energy density. In 
contrast, hcp Co has about one order of magnitude larger magnetocrystalline anisotropy 
energy density, which makes it a much better candidate for the production of permanent 
magnets [100]. Indeed, Co-based alloys may be tailored in a way comprising high magnet-
ization, large magnetocrystalline anisotropy, and sufficient oxidation resistance by forming 
a thin surface oxide layer passivating the metallic core [101, 102]. Maurer and co-workers 
have reported the synthesis of Co nanorods with the magnetic easy axis (c-axis) aligned 
parallel to the long axis of the nanorods [103]. The presence of a thin CoO surface layer 
implies a two-fold advantage. Firstly, it protects the metallic Co core from further oxida-
tion.  Additionally, it creates an interface in which an interfacial exchange anisotropy con-
tribution leads to an increase in the coercive field at low temperatures. However, with in-
creasing temperature this magnetic hardening of the nanorods weakens and the gain in the 
coercive field vanishes above the Néel temperature of the antiferromagnet. Bulk CoO has 
a Néel temperature of TN = 291 K [104], but it might be significantly reduced in thin 
nanostructures, leading to a vanishing exchange bias [105].  
 
Thus, in order to exploit such effects for permanent magnets but operating at ambient 
temperature, materials with significantly higher Néel temperature are needed while main-
taining the large magnetocrystalline anisotropy energy density. In this regard, a good com-
promise between large magnetocrystalline anisotropy energy density and high Néel tem-
perature in the antiferromagnetic shell is the admixture of Ni, since NiO has a Néel tem-
perature of TN = 525 K in the bulk [104].  
 
For all discussed above, highly elongated CoNi nanostructures were considered wor-
thy to study. In general, magnetic nanoobjets of anisotropic shape can be prepared via con-
finement of the growth process inside anisotropic channels [106], via the use for example 
of unidirectional substrates such as carbon nanotubes [107, 108] or directly, via solution 
phase synthesis. Indeed, a variety of techniques have been used to synthesize CoNi nan-
owires and nanorods including template methods AAO [109], solvothermal routes [110, 
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111], chemical vapor deposition, in microemulsion [112], using microwave irradiation 
[113] and direct precipitation of anisotropic metal nanoparticles from solution (polyol) 
[114, 115, 116]. Among the latter chemical methods, precipitation in polyols appears as a 
very convenient method to prepare anisotropic ferromagnetic metal particles with well-
defined morphological characteristics and an adjustable composition, thus tuning the mag-
netic properties as one wishes. It is also a quite simple process that requires low cost infra-
structures. In order to produce anisotropic growth of this alloy in liquid-phase different 
surfactant must be added to induce different growth rates of the different crystallographic 
planes of the metal particles (see section 2.2.3). 
 
The polyol process allows as well to produce bimetallic particles of these two ferro-
magnetic metals (Co and Ni) associated in various proportions.  By varying the composi-
tion, one can expect nanoparticles with different magnetic properties, not only due to the 
influence of elemental composition upon saturation magnetization, but also due to the in-
fluence of the crystalline structure and of the surface oxidation upon volume and surface 
magnetocrystalline anisotropies respectively [117, 118, 68]. Toneguzzo, van Shooneveld 
and co-workers have studied these effects in detail [119, 120], and Brayner and co-workers 
have also produced CoNi alloy nanoparticles of tunable composition using alginate (bi-
opolymer extracted from brown marine algae) as template [121].  
 
For reasons below explained, the chosen Co:Ni stoichiometric ratio was 80:20. The 
magnetic properties of this Co80Ni20 bulk allow can be estimated as a percentage of the 
constituent elements, whose properties are presented in Table 4-1.  
 
 
Table 4-1. Summary of the magnetic properties of Co and Ni elements in bulk, including the saturation mag-
netization (Ms), the mass magnetization at room temperature and at 0 K (σS), the atomic magnetic moment 
(µB) and the Curie temperature (Tc). 
 
 
Thus, bulk Co80Ni20 alloy has a saturation magnetization value of 1217 kA/m at 298 
K and a mass bulk magnetization of 140.5 Am² / kg. The atomic magnetic moment per 
atom of the alloy is calculated to be 1.5 µB. This calculated value is consistent with the 
Element 
MS (T = 298 K) 
(kA/m) 
MS (T = 0 K) 
(kA/m) 
σS (T = 298 K) 
(Am²/kg) 





Cohcp 1400 1446 161,80 163,10 1,72    1388 
Nifcc 485 510   55,09   58,57 0,606  627 
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theoretical value of the Slater-Pauling curve. The Curie temperature for CoNi alloys is also 
in between the TC values of these two elements, being 1017.5 K for this particular alloy. In 
addition, the oxidation of both elements leads to the formation of CoO and NiO, respec-
tively, which are antiferromagnetic below the Neel temperature (TN(CoO)= 290 K and 
TN(NiO)=520 K).  
 
Interestingly, apart from high-aspect ratio nanostructures, many other shapes of CoNi 
have been reported including nanorings [122], spheres [123, 120], hollow spheres [124], 
nanowires [109], nanorods [115, 116], nanodumbbells [125, 115], nanotubes [126], den-
drites [127], nanoleaves [128], flower-like structures [124], and thin films [129].  
 
Summarizing this part, CoNi alloy possesses the characteristics of a good candidate 
material for permanent magnets with large values of remanence and coercive field and can 
be consequently considered as a potential replacement of the high-energy product rare-
earth permanent magnets. Furthermore, it has been proven that nanocrystalline CoNi alloy 
possess resistance against corrosion, which might be an advantage for the final magnet 
applications in open environments [101, 102]. In this study, the exploitation of the interfa-
cial exchange between ferromagnetic and antiferromagnetic or ferrimagnetic materials with 
high magnetocrystalline anisotropy is analyzed for the improvement of the performance of 




4.2 Synthesis  
 
Viau, Fiévet and co-workers developed over the last decades a strategy for the syn-
thesis of CoNi nanoparticles consisting in the thermal decomposition of cobalt and nickel 
acetate salts in liquid polyol. Monodisperse spherical metal particles with the mean diam-
eter in the micrometer size range (1-2 µm) were obtained by homogeneous nucleation [130, 
13]. The polyol acts simultaneously as the dispersing medium, the solvent, the reducing 
agent and the crystal growth medium for the metal particles. In the same medium, CoNi 
particles were obtained in the submicron size range when this spontaneous nucleation step 
was substituted by a heterogeneous nucleation [120, 131]. The mean particle size of the 
CoNi particles was decreased from 2 µm to 5 nm by seeding the solution with platinum, 
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which was formed in situ by adding K2PtCl4 in the reaction medium [120]. The Pt nanoclus-
ters formed first serve in this situation as heterogeneous nucleation sites and facilitate the 
nucleation process of CoNi particles. A more detailed information of heterogeneous nucle-
ation process and the role of the nucleating agent is given in subchapter 2.2.1.  
 
However, despite of the heterogeneous nucleation, CoNi particles prepared by this 
method were generally isotropic or nearly spherical. In 2003, they first obtained anisotropic 
particles including platelets and diabolo-like particles by modifying this nucleation step 
[132]. To achieve these novel shapes, the nucleation agent, its concentration, and the ba-
sicity of the reaction media was modified. Ruthenium was chosen as the noble metal instead 
of platinum, and the amount of ruthenium seeds was found to be a key factor on controlling 
the morphology of the CoNi nanocrystals. This fact was also confirmed by other research-
ers [133, 134]. Under similar reaction conditions Gandha and co-workers report on the 
morphology control of CoNi particles by modifying the polyol reduction of cobalt acetate 
and nickel acetate using RuCl3 as catalyst, varying the morphologies of the CoNi nanocrys-
tals by varying the Ru/(Co+Ni) molar ratio. While no RuCl3 was added in the reaction 
medium spherical particles were obtained, by increasing the molar ratio, dumbbell shaped 
and nanorods were achieved [134]. Ruthenium becomes a better choice for the growth of 
nanowires because it has the same crystalline structure as cobalt (hcp), whereas platinum 
crystallizes in a fcc phase. Indeed, Viau and co-workers proved that pure hcp ruthenium 
particles with sizes ranging from 1-4 nm were formed by reduction of ruthenium salt in 
liquid polyol at 160°C [135, 136].  
 
In 2005 they also demonstrated, that the concentration of sodium hydroxide is an 
important parameter, also exerting control over the particle morphology [116]. For low 
hydroxide concentrations (0.05 mol/L), the particles presented a sea-urchin-like shape, with 
the characteristic needles more rod-like than wire-like morphology. When the sodium hy-
droxide concentration was increased (0.08 mol/L), the aspect ratio of the needles increased 
along. With a concentration of 0.15 mol/L, the wires appeared less agglomerated and when 
the concentration was 0.20 mol/L, a mixture of spherical particles and platelets was ob-
tained [116]. In a comparable reaction, Rafique et al. demonstrate that hollow spheres, 
flower-like and nanoplate flowers of CoNi can be formed by varying the NaOH concentra-
tion [124]. 
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In a latter publication (2007) Viau et al. put light into the growth mechanism of CoNi 
nanowires [115], demonstrating that the shape of the dumbbells strongly depends on the 
basicity; long dumbbells were obtained for the lowest NaOH concentration, and short 
dumbbells and diabolos for the highest. Moreover, within the particles, cobalt and nickel 
segregates in different areas. Nanodumbbells consist of a central column richer in cobalt 
capped with two terminal platelets richer in nickel, showing that the reduction rate of cobalt 
is higher than that of nickel.  
 
Accordingly, they established that when the reduction of cobalt and nickel takes 
place, Co2+ and Ni2+ species are involved in an equilibrium between the solution and an 
unreduced solid phase, describing the mechanism of formation of these crystals as follows 










Figure 4-1. Mechanism of formation of cobalt-nickel nanorods. M stands for metal, where M = Co, Ni. The 
acetate precursors dissolve giving Co2+ and Ni2+ solvated species in solution, which are reduced to metallic 
Co and Ni by the polyol. The Co0 and Ni0 atoms will then form small nuclei, which grow to form the nanorods. 
The metal ions concentration in the reaction medium is controlled by the sodium hydroxide concentration 
through the precipitation of an intermediate solid phase (side reaction). 
 
At first Ru3+ (E°Ru3+/Ru0 = + 0.701 V) is initially reduced by 1,2-butanediol during the 
early stage of reaction so that Ru0 nanoclusters or nanoparticles with hcp crystalline struc-
ture are formed. Simultaneously, the solid Co/Ni precursors dissolve progressively in the 
solvent. Then, on the basis of the catalysis of Ru0, the Co2+ and Ni2+ solvated species are 
reduced by the polyol to Co0 (E° Co2+/Co0 = -0.28 V) and Ni
0 (E° Ni2+/Ni0 = -0.25V) [138], 
and CoNi alloy with hcp phase will heterogeneously nucleate and grow on the surface of 
the Ru seeds. The metal ions concentration in the solution (unreacted Co2+ and Ni2+) is 
controlled by the sodium hydroxide concentration through the precipitation of an interme-
diate solid phase, which acts as a reservoir for Co2+ and Ni2+ species. It is the dissolution 
of the intermediate solid phase what controls the solute species concentration and thus nu-
cleation and growth steps, which occurs by a stepwise addition of monomeric entities of 
the solute [130].  
M(CH3CO2)2 (s)  
  𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
            M 2+ (solvated)  
𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 
         M 0 (s)  
  𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛+𝑔𝑟𝑜𝑤𝑡ℎ  
                   Mn 0 (s) 
            
                                            M 2+ + 2 OH-  M(OH)2         
 [OH-] 
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To understand the role of the sodium hydroxide concentration and the different reac-
tivity of cobalt and nickel, they focused their studies in analyzing the equilibrium between 
the Co2+ and Ni2+ ions in solution and the intermediate unreduced solid phase in the global 
reaction process. Strong differences between Co2+ and Ni2+ in solution were evidenced. 
They found that molecular complexes of Co2+ and Ni2+ are distinct, and while Co2+ forms 
an alkoxide, Ni2+ precipitates as hydroxyl-acetate. This is a proof of the difference in coor-
dination chemistry of both species, from which stem the different dissolution rates and ex-
plain the different behavior of the two metals toward reduction and thus, the final segrega-
tion of elements within the nanoparticles. 
 
This study is an example that manifests the importance of studying possible side re-
actions between different species in the medium during a chemical synthesis. A similar 
effect of in situ changes of the composition of the reaction medium on the structure and 
shape of nanocrystals has been evidenced by other researchers [139, 140]. For example, 
Comesaña-Hermo and co-workers have reported evidences of a side reaction between hex-
adecylamine and rhodamine B, which modifies the structure of the rhodamine molecule 
and has a direct consequence in the final shape of cobalt nanocrystals [139]. In comparison 
with the study of Viau and co-workers, the side reaction occurring in the reaction medium 
was not connected to the precursors but between two ligands.  
 
Summarizing, various shapes of CoNi nanoparticles can be obtained resulting from 
different nucleation/growth processes, depending strongly on the cobalt/nickel composi-
tion, the sodium hydroxide concentration and the nucleating agent. An optimization process 
is therefore required in order to obtain bimetallic Co80Ni20 nanorods that retain a good in-
terparticular homogeneity in composition. Taking into account that wire formation was ob-
served within a narrow range of Ru/NaOH concentration ratio, Co80Ni20 nanorods were 
synthesized by the reduction of the metal precursors according to the recipe developed pre-
viously by Viau and co-workers [137, 116, 141, 115] with the following detailed experi-
mental procedure. The composition of as-prepared CoNi nanocrystals was adjusted at 
Co80Ni20 by controlling the initial Co/Ni precursor ratio. In a typical synthesis, cobalt ace-
tate tetrahydrate (4.8 mmol), nickel acetate tetrahydrate (1.2 mmol), sodium hydroxide (1.2 
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The solution containing all the reactants and the nucleating agent was heated up to 
170°C (boiling point) while stirring and distilling the water off. Once the mixture reached 
this temperature, oleic acid (6 mmol) and trioctylphosphine (6 mmol) were added, keeping 
the solution at this temperature for 20 min. The solution turns black progressively when the 
reduction occurs. Water and volatile organic products generated by the overall reaction 
were distilled off while the polyol was refluxed. After cooling to room temperature the 
precipitate was collected by centrifugation and washed with absolute ethanol several times 
to remove residual organic components. Part of the sample was finally redispersed in tet-





The morphology of the sample has been investigated by transmission electron mi-
croscopy. Figure 4-2 presents a set of typical TEM micrographs showing nanostructures 
mainly with an elongated shape, though two different morphologies (nanorods and spheri-
cal particles) can be clearly identified. As shown in Figure 4-2 (b) and (c), single nanorods 
show stronger contrast variations compared to the spherical particles, suggesting a poly-
crystalline structure. Figure 4-2 (d) shows a high resolution TEM image of the tip of a 
nanorod, which reveals a core-shell structure and a conical shaped head. An oxidized shell 
is expected to appear as a consequence of the inward oxidation of the initially synthesized 
metallic nanostructures by handling the sample under atmospheric conditions in the post-
synthesis measurements. The conical shaped head of the rods is explained well by the in-
fluence of the growth rate on the particle shape. As explained in section 2.2.3, the shape is 
controlled by the growth rate, so the head formed at the end of the reaction grows under 
conditions of low supersaturation, which induces the growth perpendicular to the c-axis. 
Thus, wires are formed with high growth rates governed both by the large number of nuclei 
and by the adequate sodium hydroxide concentration. A high-enough concentration is nec-
essary to allow the wire growth, though too high concentration can lead to very different 
shapes, such as platelets. This particular shape is probably the result of a lower growth rate 
at the end of the reaction, when the Co2+ and Ni2+ concentration falls (as a result of their 
reduction) so that the molar ratio [OH-]/[Co+Ni] increases.   
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Figure 4-2. (a) and (b) Low magnification transmission electron microscopy images of Co80Ni20 particles 
showing nanostructures mainly with an elongated shape. (c) High resolution TEM image of the nanorods 
showing strong contrast variations. (d) HR-TEM image of the tip of a nanorod, which clearly reveal a core-
shell structure. 
 
The size (length) distribution of the nanocomposites displayed in Figure 4-3 (a) is 
bimodal. The two contributions arise from spherical nanoparticles (5-15 nm) and nanorods 
with the length varying from 20 nm to 80 nm, respectively. In addition to the overall size 
distribution, the aspect ratio of the nanorods defined as the ratio of length L to diameter D 
is shown in Figure 4-3 (b). A rather broad distribution of the aspect ratio varying from 3 to 
15 is observed. The size distributions were fitted by log-normal functions and the resulting 
mean dimensions of the nanoparticles and nanorods are listed in Table 4-2. The obtained 
mean length (L) and diameter (D) of the nanorods are 52.5 nm and 6.5 nm, respectively, 
and the nanospheres diameter is d = 8.2 nm. Furthermore, the volume portion was deter-
mined to be 93 vol.% for the nanorods and 7 vol.% for the particles from the lognormal fits 
assuming cylinders and spheres, respectively. Thus, the magnetic properties are conse-
quently assumed to be strongly governed by the nanorod morphology.  
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Figure 4-3. Size distribution diagrams with corresponding log-normal fit of the Co80Ni20 particles. (a) Parti-
cle length distribution. (b) Aspect ratio distribution of the nanorods. Fitting results of the log-normal distri-
bution (red curve) are given in Table 4-2. 
 
Table 4-2. Results of the morphological characterization by TEM. Size and aspect ratio distributions are 
determined for more than 300 CoNi nanorods and particles assuming lognormal distributions. 
 
Nanorods 
93 ± 2 vol.% 
Nanoparticles 
7 ± 2 vol.% 
Length (L) Diameter (D) Aspect ratio (L/D) Diameter (d) 




4.4 Structural and chemical characterization 
 
The crystalline structure and chemical composition of the sample is characterized by 
energy-dispersive X-ray spectroscopy (EDX), electron powder diffraction and X-ray pho-
toelectron spectroscopy (XPS). In addition to TEM investigations, XPS supplies infor-
mation of the chemical environment of the investigated specimen.  
 
The elemental concentration in CoNi nanorods has been measured by means of EDX 
spectroscopy in the transmission electron microscope. 
 
Figure 4-4 shows the EDX spectrum acquired from a larger sample area containing 
hundreds of nanorods and nanospheres. The average composition of the sample is deter-
mined by the ratio of intensities of the different element peaks, revealing a Co:Ni elemental 
ratio of 4:1, very close to the ratio of the corresponding initial precursor concentration in 
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the starting solution. As expected for finely divided powders synthesized in a boiling sol-
vent medium, the main impurities are carbon, oxygen and hydrogen. Carbon, as well as 
oxygen can originate from the presence of organic adsorbed species (either polyol or deg-
radation products) or from a metallo-organic phase such as metal alkoxyde observed as an 
intermediate phase. Moreover, oxygen can originate from inorganic phases such as unre-
acted hydroxides or from oxygen captured from air, leading to a superficial oxidation of 






Figure 4-4. EDX spectrum of CoNi nanoparticles, showing the energy range between 5 and 10 KeV. The 
spectrum was acquired from a large sample area containing hundreds of nanorods and nanospheres, depos-
ited on a carbon film supported copper TEM grid.  
 
EDX spectra were also obtained from various points of individual nanostructures 
showing a relatively uniform distribution of Co and Ni within the particle core. Figure 4-5 
illustrates a representative EDX line scan performed on individual nanorods, which con-
firms the presence of both Co and Ni within the whole nanostructure, including core and 
shell. Additionally, an amount of Ni becomes reduced when approaching the nanorod sur-
face, if comparing the individual Co and Ni elemental intensities along the scan. 
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Figure 4-5. (a) High-angle annual dark-field scanning TEM (HAADF- STEM) image of the CoNi nanorod. 
(b) Line scan profiles of the characteristic X-ray Ni-K (red) and Co-K (black) lines as a function of the 
electron beam position along the path on the nanorod indicated with a red line in panel (a).  
 
In addition to compositional information, XPS data also provide information on the 
chemical state of the elements in the near-surface region. However, the absolute binding 
energy of the 2p2/3 peak is not always very helpful in identifying the cobalt chemical envi-
ronment, since relatively small shifts are reported to accompany oxidation of Co2+ and Co3+ 
[142]. 
 
The as-prepared Co80Ni20 nanorods were further characterized by XPS after deposi-
tion on Si/SiO2 substrates. Note that the Ni content is small and, thus, spectra have a poor 
signal-to-noise ratio, and accordingly, herein the detailed discussion is restricted to the Co-
2p XPS doublet. Figure 4-6 presents the Co-2p doublet of the specimen and two reference 
spectra. A binding energy of 781.8 eV was observed for the Co-2p3/2 line and 797.8 eV for 
the Co-2p1/2 line, making a doublet splitting of Δ = 16.0 eV. Moreover, satellite peaks are 
observed towards higher binding energies. According to the NIST reference database [143] 
these observations suggest the formation of Co(OH)2 on the particle surface, since CoO has 
slightly lower binding energies at a doublet splitting of Δ = 15.5 eV. The reported values 
in the XPS database scatter by about ± 0.5 eV, and thus, an unambiguous proof of a certain 
chemical state is not possible here. On the other hand, when CoNi rods are exposed to air 
one may consider the formation of NixCo3-xO4 ferrites with 0 < x < 1. However, when 
comparing the spectra of the surface-oxidized CoNi rods with NiCo2O4 powder as a refer-
ence for ferrites [142], it is obvious that the satellite peaks are absent for the ferrite reference 
and the doublet separation (15.0 eV) is significantly smaller as compared to the CoNi rods 
(16.0 eV). Thus, the formation of ferrites can be excluded here. Further, we determined 
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from the total XPS line intensities the Co-to-Ni elemental ratio to 5.6 ± 1.5. The error bar 
arises from the poor signal-to-noise ratio of the Ni 2p spectrum. XPS predominantly probes 
the surface stoichiometry of the specimen, thus confirming the larger Co content in the 




Figure 4-6. Co-2p XPS of the CoNi nanorods (black). Additionally, reference spectra of CoO (red) and 
NiCo2O4 (blue) powder samples are taken from the literature [143]. Vertical dashed lines indicate the peak 
positions of CoNi nanorods. The reference spectra were vertically shifted for clarity.  
 
The structural analysis was carried out by means of high-resolution (HR)TEM and 
selected area electron diffraction (SAED). The analysis of SAED pattern (Figure 4-7) re-
vealed that nanocomposites have an hcp structure with lattice parameters of a = 0.247 ± 
0.006 nm, c = 0.400 ± 0.010 nm, corresponding to those in the bulk Co80Ni20 alloy (a = 
0.250 nm, c = 0.407 nm) [144, 102]. Another diffraction ring labelled “oxide” was also 
found and most probably arises from an oxidized phase present in the nanoparticle surface 
(expected from sample handling). The exact type of oxide could not be determined, since 
the diffraction ring can be associated with different phases (NiO, CoO, Co3O4 or even the 
ternary oxide CoxNiyOz). 
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Figure 4-7. Selected area electron diffractogram of CoNi nanocomposites from a large sample area, reveal-
ing an hcp structure with an oxide phase.  
 
Indeed, the presence of an hcp structure was expected considering the low reduction 
temperature (T = 170°C) and the Co/Ni elemental ratio (see phase diagram of the Co-Ni 
alloy system in Figure 4-8). The curie temperature of the alloy decreases continuously with 
increasing nickel content, from 1388 K for pure cobalt to 633 K for pure nickel [145]. 
 
Moreover, the hexagonal phase is favored by the high nucleation ratio as discussed 




Figure 4-8. Phase diagram of the Co-Ni alloy system, showing the different crystal structures depending on 
the temperature and the chemical composition. The red point indicates the synthesis conditions of the CoNi 
nanoparticles. The black dot-dash line indicates the magnetic transition between ferromagnetic and para-
magnetic regime while the continuous black line denotes the melting temperature for various compositions. 
The graph was modified according to [146]. 
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More detailed information on the structure and composition of the CoNi nanorods 
can be obtained by analysis of the HRTEM images. Figure 4-9 (a) shows a typical HRTEM 
image of the center part of a CoNi nanorod. The contrast distribution indicates a core-shell 




Figure 4-9. (a) HRTEM image of the center part of a CoNi nanorod with a clear core-shell contrast. (b) FFT 
pattern from the HRTEM image in panel (a). Red (yellow) circles mark spots arising from hcp (fcc) structure, 
respectively. Note that the hcp (0002) spot overlaps with the fcc (-200) spot. The hcp c-axis is parallel to the 
long axis of the nanorods as indicated in (a). The lower panels present structurally filtered images by choos-
ing hcp (c) and fcc spots (d), respectively.  
 
The fast Fourier transform (FFT) pattern of the image (Figure 4-9 (b)) consists of two 
sets of reflections. The red-encircled diffraction spots correspond to the hcp structure 
viewed along the [2-1-10] zone axis. The yellow-encircled reflection set is typical for the 
fcc structure imaged along the [011] direction. Thus, the diffraction pattern can be inter-
preted as the sum of overlapping hcp and fcc diffractions. The FFT pattern analysis yields 
the lattice constants a = 0.252±0.006 nm and c = 0.408±0.010 nm related to the hcp struc-
ture of Co80Ni20 [144, 102]. The lattice parameter of the cubic phase is found to be 0.417 ± 
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0.008 nm and can correspond to the lattice parameter of either CoO or NiO oxides [147]. 
Studies on the oxidation of Co-Ni alloys show that Co, due to the higher diffusivity of Co2+ 
ions in the oxide, segregates up to the surface [148, 149]. Moreover, the reduction potentials 
of Ni2+, (E0= - 0.25 V) and Co2+ (E0= - 0.28 V) indicate the higher oxidation capability of 
the metallic cobalt compared to metallic nickel. Taking into account the expected oxidation 
behavior of Co-Ni and the corresponding experimental data from EDX and XPS, the pos-
sibility of the NiO oxide formation is therefore excluded here and most probably, a Co-rich 
fcc oxide shell was formed. 
 
The HRTEM images in Figure 4-9 (c) and (d) are reconstructed from the FFT spot 
pattern (Figure 4-9 (b)) by filtering selected diffraction spots. Figure 4-9 (c) shows the 
inverse FFT image using only the red-encircled reflections, which correspond to the hcp 
structure. The reconstructed image shows a uniform distribution of the hcp structure within 
the rod while the reconstruction of the image using yellow-encircled fcc reflections in Fig-
ure 4-9 (d) shows a preferential allocation of this phase at the nanorod surface.  
 
In summary, the CoNi rods have a core-shell structure that arises from a metallic hcp 
CoNi core covered with a 1-2 nm polycrystalline, strongly textured fcc Co-rich oxide shell. 
The shell thickness varies along the nanorods having a slighter largest thickness at the tips, 
as clearly reflected in the TEM images in Figure 4-10. 
 
 
Figure 4-10. (a) HRTEM image of the nanorod with a magnified image of the nanorod tip (b), showing a 
clear contrast variation between the core and the shell. The black line delimitating the nanoparticle surface 
as well as the interface between core and shell is a guide to the eye. 
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Due to the hexagonal structure, the rod-like particles have a uniaxial anisotropy along 
the c-axis of the crystal lattice, which is the <0001> direction. From the previous studies 
accomplished by Viau and co-workers, it is known that the sodium hydroxide concentration 
used in the synthesis of these nanostructures forces the growth to occur preferentially along 
the <0001> direction of the crystal structure forming high aspect-ratio nanostructures, and 
hinders it to happen perpendicularly, as the case of platelets. This statement was verified 
and the hcp <0001> direction was found to be parallel to the long axis of the nanorod (see 
Figure 4-9 (a)) and coincides with the fcc <001> direction of the oxidized shell. This also 
suggests an epitaxial relation between the surface oxide layer and metal core, which is con-
sistent with the fact that such shell was spontaneously formed by inward oxidation of pre-
existing metallic particles to a considerable extent upon exposure to ambient conditions.  
 
To study the degree of polycrystallinity, the nanorods were aligned on a carbon film 
supported cooper grid in the presence of an external magnetic field of 1.2 T, by magneto-
phoretic deposition [150, 151]. The nanorods aligned along the magnetic field direction as 
shown in Figure 4-11 (a) and an electron diffraction pattern was acquired from this area, 
the one shown in Figure 4-11 (b).  The inhomogeneity of the diffraction rings indicates a 





Figure 4-11. (a) TEM image of the CoNi nanorods deposited from the solution on a carbon film supported 
cooper grid in presence of an external magnetic field of 1.2 T, applied in the direction indicated by the red 
arrow. (b) Corresponding electron diffraction pattern.   
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4.5 Magnetic characterization 
 
The magnetic characterization of dried powder fixed in a capsule was performed us-
ing a superconducting quantum interference device (SQUID) magnetometer. Magnetic hys-
teresis loops of dried powder of Co80Ni20 nanorods are measured in capsules in the temper-
ature range 5 K – 350 K in external fields up to ± 4.5 T. In order to investigate the influence 
of the oxide surface layer on the magnetic properties, zero field cooling (ZFC) and field 
cooling (FC) hysteresis curves have been measured. For the field cooled (FC) measure-
ments, a field of +4.5T was applied during cooling. 
 
Representative ZFC hysteresis loops at different temperatures are shown in Figure 
4-12. The sample has been carefully demagnetized at T = 350 K before cooling. The linear 
contribution observed in the measured loops derived from an antiferromagnetic/paramag-
netic phase have been subtracted. It can be seen that all curves are symmetrical with respect 
to the origin.  The saturation magnetization (Ms), the remanence magnetization (Mr), and 
the coercive field (µ0Hc) are obtained from the graphs and summarized in Table 4-3. The 
positive and absolute negative values of the corresponding parameters have been averaged.  
 
 
Figure 4-12. ZFC magnetic hysteresis loops of the Co80Ni20 nanorods powder sample recorded at different 
temperatures between 5 and 300 K. The sample has been carefully demagnetized at T = 350 K before cooling. 
The inset shows the complete hysteresis curves measured at applied magnetic fields of ± 4.5 T. The saturation 
magnetization remains fairly constant. However, with increasing temperature, the coercive field decreases, 
and the remanence increases. 
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Table 4-3. Characteristic parameters of the ZFC hysteresis curves of the Co80Ni20 nanorods at different tem-
peratures, including the coercive field (µ0Hc), saturation magnetization (Ms), the remanence magnetization 
(Mr), and the Mr to Ms ratio.  
 
T (K) µ0HC (T) Ms (Am²/kg) Mr (Am²/kg) Mr/Ms 
5 0.17 29.08 7.09 0.24 
25 0.17 28.16 7.88 0.28 
50 0.16 29.11 9.26 0.32 
75 0.15 28.84 10.47 0.36 
100 0.14 29.59 11.53 0.39 
150 0.10 29.84 11.79 0.39 
200 0.08 30.04 9.94 0.33 
250 0.15 28.25 12.55 0.44 




Though the nanowires are clearly ferromagnetic at room temperature, the initial 
shape of the M(H) curve at 5K (see Figure 4-15) indicates the presence of different mag-
netic phases, a ferro(ferri)magnetic and an anti(para)ferromagnetic. In other words, the 
magnetic data verify the presence of both, pure metallic part and metal oxides in the sample. 
 
For better visualization of the temperature dependence of Ms and Mr see Figure 4-13. 
Both parameters have an estimated error of 10%, which originates from an erroneous de-
duction of the slope of the non-ferromagnetic signal and certain uncertainty in reading the 
values. Taking into account the error bars, the saturation magnetization remains roughly 
constant, meaning that this data was acquired far below the curie temperature of the system 
[2]. The average saturation magnetization of the powder sample is 29.1 ± 0.7 Am²/kg, 
which corresponds to 20% of the bulk value of Co80Ni20 alloy (140.46 Am²/kg) [2]. This 
low magnetization is due to superficial oxidation of the nanorods and to the likely presence 
of organic matter remaining in the powders (surfactants: oleic acid and trioctylphosphine). 
The Co-rich oxide shell is antiferromagnetic and provides no net contribution to the mag-
netization. Indeed, supposing 80% of oxidation, taking into account the mean size values 
and assuming a perfectly cylindrical shape of the nanocrystal, the calculated oxide thick-
ness of a nanorod was found to be 1.7 nm, which coincides with the thickness of the oxide 
layer measured in TEM images (see section 4.3). In contrast, the remanence magnetization 
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shows a slight temperature dependence. From 5 to 100 K, Mr increases linearly up to 40% 





Figure 4-13. Temperature dependence of the saturation magnetization Ms and the remanence Mr is in the 
range between 5 and 300 K. The saturation magnetization (measured at 4.5T) remains approximately con-
stant in the whole temperature range with an average value of 29.1 ± 0.7 Am² / kg. The remanence magneti-
zation increases linearly between 5 and 100 K, and at higher temperatures oscillates between 10-12.5 Am²/kg. 
The error bar for both parameters is estimated to be 10% and it is slightly bigger as the dot size of the 
measurements points in the graph.  
 
 
Representative FC-magnetization curves measured in the temperature range of 5-300 
K are shown in Figure 4-14. A magnetic field of + 4.5 T was applied while cooling. It can 
be clearly seen that the hysteresis curves measured at lower temperatures are not symmetric 
with respect to the origin. This asymmetric “humming bird-like” shape of the hysteresis 
loop at low temperatures is generally attributed to a different magnetization reversal mech-
anism occurring in each branch rather than the uniform magnetization. Whereas a magnetic 
single-domain nanostructure with uniaxial magnetic anisotropy follows Stoner-Wohlfarth 
switching behavior, more complex magnetic nanostructures (i.e. hollow particles) may re-
verse in a rather inhomogeneous way [154]. Thus, the “humming bird-like” hysteresis is an 
indication of exchange coupling between two magnetic phases, an interfacial hard phase 









Figure 4-14. FC magnetic hysteresis loops of the Co80Ni20 nanorods powder after cooling from 350 K in an 
applied field of + 4.5 T. The inset shows the complete hysteresis curves measured at applied magnetic fields 
of ± 4.5 T. With decreasing temperature a higher shift towards negative fields and larger increase of the 
coercive field are observed (exchange bias).  
 
To investigate the influence of the oxide surface layer on the magnetic properties, it 
is wise to compare the ZFC and FC hysteresis curves. Figure 4-15 presents both the ZFC 
and FC hysteresis loops at T = 5 K. The FC loop is shifted opposite to the cooling field 
direction (B = 4.5 T) indicating a FC-induced unidirectional magnetic anisotropy. The 
broadening of the FC hysteresis is due to an additional FC-induced uniaxial magnetic ani-
sotropy. Besides, a vertical magnetization shift of +1.7% is found (cf. Figure 4-15 inset). 
The vertical shift is due to pinned magnetic moments that are not rotated by the applied 
field. In the FC process, a fraction of magnetic moments are tightly pinned to the antifer-
romagnetic lattice along the direction of the cooling field.  As a result, the saturated mag-
netization in positive and negative magnetic field is different, which results in the vertical 
shift of the hysteresis loop. All three phenomena are well known for systems with ferro-
magnet/antiferromagnet interfaces due to interfacial exchange coupling between the mag-
netic moments of the ferromagnetic and antiferromagnetic regions (exchange bias effect) 
[156]. Thus, the Co-rich oxide layer as determined by TEM and XPS since antiferromag-
netic increases the magnetic anisotropy of the nanorods at low temperatures. 
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Figure 4-15. Magnetic hysteresis loops after cooling from 350 K to 5 K in zero field (ZFC) and in an applied 
field of 4.5 T (FC). The FC hysteresis has larger coercive field and a significant shift towards the negative 
field direction (exchange bias). The FC hysteresis loops is also shifted towards larger magnetization (see 
inset) indicating pinned magnetic moments.  
 
Table 4-4. Characteristic parameters of the FC hysteresis curves of Co80Ni20 nanorods at different tempera-
tures. µ0Hc- and µ0Hc+ corresponds to the coercive field measured in the negative and positive branch of the 
field axis. The resulting coercive field (µ0HC) is calculated according to Eq. 2-15 and the exchange bias fields 
(µ0Hexch) according to Eq. 2-16. 
 
T (K) µ0Hc
- (T) µ0Hc 
+ (T) µ0Hc (T) µ0Hexch (T) 
5 -0.61 0.02 0.31 0.29 
25 -0.44 0.03 0.24 0.21 
50 -0.34 0.05 0.20 0.15 
75 -0.27 0.05 0.16 0.11 
100 -0.20 0.07 0.14 0.07 
150 -0.10 0.08 0.09 0.01 
200 -0.07 0.07 0.07 0 
250 -0.13 0.13 0.13 0 
300 -0.09 0.09 0.09 0 
 
The coercive field (µ0Hc) and the exchange bias field (µ0Hexch) for all the measured 
temperatures of the FC curves were calculated using equations Eq. 2-15 and 2-16 respec-
tively. The results are listed in Table 4-4. A large exchange bias field µ0Hexch  = 290 mT is 
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measured at 5 K. The FC coercive field μ0HcFC= 305 mT is increased by 80% as compared 
to the ZFC value. 
 
 
Figure 4-16. Coercive fields and exchange bias field as function of temperature after cooling the sample from 
350 K to 5 K in zero field (ZFC) and 4.5 T (FC). The experiments were performed with increasing tempera-
ture.  
 
The temperature dependence of the coercive field (μ0Hc) after ZFC or FC, and the 
exchange bias field (µ0Hexch) are displayed in Figure 4-16. The comparison of the coercive 
field values of ZFC and FC measurements (blue triangles and red dots) shows two different 
ranges. Above T1 = 100 K both curves are congruent. Below T1, μ0Hc of FC measurements 
increases sharply with decreasing temperature as compared to the ZFC values. This effect 
is due to the existence of an interface between ferromagnetic material and antiferromag-
netic material, which causes the unidirectional and uniaxial anisotropy. The ferromagnetic 
material is the CoNi alloy that forms the core of the nanorods and the antiferromagnetic 
material is the Co-rich oxide shell that grows epitaxially on the surface by natural oxidation.  
 
The exchange bias field µ0Hexch (black squares) gradually decreases from 290 mT at 
5 K to vanish at T2 = 175 K. The increase of the coercive field from 70 mT to 130 mT 
above T2 up to T3 = 250 K is even more important. This behavior has only been observed 
in few systems (films and nanorods) all having a related crystallographic growth between 
ferromagnet and antiferromagnet. For undirected oxide growth frequently observed for na-
noparticles, nanorods, or films such intermediate increase of the coercive field is absent. 
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Before starting the detailed discussion of the temperature dependence of Hc, addi-
tional results on the thermomagnetic relaxation of the remanent magnetization M(t) as func-
tion of time are presented. These measurements give access to the so-called magnetic vis-
cosity S [157]. After field cooling the sample from 350 K to the measuring temperature in 
an external field of 4.5 T, the time decay of the magnetization has been recorded at zero 
external magnetic field for temperatures in the 10 – 325 K range (Figure 4-17 (a)) [158].  
 
Figure 4-17. (a) Thermomagnetic relaxation of the remanent magnetization M(t) in logarithmic scale. All 
curves are measured at zero external magnetic field after cooling the specimen from 350 K to the indicated 
temperature in an external field of 4.5 T. Panel (b) shows the temperature dependence of magnetic viscosity 
S taken from a fit M(t)=M0-S(T)ln(t/t0) of the thermomagnetic relaxation curves. The spline function connect-
ing the experimental points is a guide to the eye.  
 
According to the model proposed by Street and Woolley [157] the distributions of 
size, crystallographic orientation and anisotropy in an ensemble of magnetostatically inter-
acting particles lead to the logarithmic decay of the magnetization M in time t:  
 
𝑀(𝑡) = 𝑀0 − 𝑆(𝑇) 𝑙𝑛 (
𝑡
𝑡0
)      (Equation 4-1) 
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where M0 is the magnetization at t0 = 0 s and S(T) is the magnetic viscosity describing 
the average decay of the magnetization with time. This viscosity model is suitable for the 
description of long-time relaxation at times t > 100 s, as it was observed in the present study 
(Figure 4-17 (a)). The linear slope in logarithmic scale corresponds to the magnetic viscos-
ity S. It is worth mentioning that the remanent magnetization (as deduced from the viscosity 
measurements at t = 104 s) follows the identical temperature dependence as compared to 
the coercive field (Figure 4-16 and Figure 4-17). The temperature dependence of S is dis-
played in Figure 4-17 (b).  
 
The magnetic viscosity S has a small value at low temperatures where the majority 
of nanorods and particles are thermally blocked and, therefore, magnetic relaxation is very 
weak. With increasing temperature S grows to a local maximum near 150 K, which is 
slightly below temperature T2 in Figure 4-16, where a minimum of the coercive field was 
observed. Similar behavior has been reported for Co/CoO nanowires [103]. Above, S de-
creases to a local minimum at about T = 220 K, again slightly below the local maximum of 
the coercive field at T3, before S rises to the highest observed values around ambient tem-
perature. It is straightforward to understand these opposing trends of Hc and S dependencies 
with temperature, since the larger the stability of the magnetization (indicated here by a 
high Hc), the slower its decay with time (low S). The significant increase of S observed at 
higher temperatures (T > 220 K) can be related to the temperature variation of the different 
anisotropy contributions in the system [97]. However, the underlying mechanism for the 
formation of a local maximum of Hc and the local minimum of S cannot be explained with 
these observations alone. 
 
In most exchange bias systems (films, nanorods, or nanoparticles) such an oscillatory 
temperature dependence of Hc was not observed. Some systems, i.e. highly textured 
MnF2/Fe films [159],
 highly ordered Ni/NiO nanorods [160], or Co/CoO nanorods [103] 
exhibit an increase of Hc at an intermediate temperature while for spherical particles this 
behavior has not been observed yet. For MnF2/Fe films Leighton et al. [159] found an en-
hancement of Hc at the Néel temperature of the antiferromagnetic MnF2 only when the 
ferromagnetic Fe layer thickness is significantly larger as compared to the antiferromag-
netic layer, thus making the ferromagnetic layer dominant upon reversal. They discussed 
this effect in the frame of the Stiles and McMichael model, in which competing anisotropy 
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energies of the ferromagnetic and antiferromagnetic layers are linked to specific crystallo-
graphic orientations [161]. Hsu et al. argued that in case of Ni/NiO nanorods spin frustra-
tion at the ferromagnetic/antiferromagnetic interface is important and Hc increases with 
increasing temperature as soon as the superparamagnetic blocking temperature of the anti-
ferromagnetic shell is overpassed [160]. Nevertheless, Ni/NiO-coated carbon nanotubes 
working as nanowires and being spin-frustrated at the ferromagnet/antiferromagnetic inter-
face do not show an increase of Hc at an intermediate temperature, likely because of the 
randomly oriented Ni/NiO nanostructures forming the magnetic coating of the carbon nano-
tubes [162].  
 
For Co/CoO nanorods with an epitaxial relation of the Co core and the CoO shell, 
Maurer et al. obtained similar trends as presented here for the oxidized CoNi nanorods 
[103]. They observed a local minimum of µ0Hc = 450 mT and a maximum of entropy at the 
temperature at which the exchange bias vanishes T2 = 100 K, while HC rises up to 600 mT 
at T3 = 200 K [103]. In the CoNi system herein studied, very similar temperature depend-
encies of Hc and entropy appear, though shifted about 75 K towards higher temperatures. 
This can be assigned to the small Ni content in the shell leading to higher TN and to a 
reduced effective magnetic anisotropy in the ferromagnetic core and the shell of CoNi na-
norods. Maurer et al. discussed these observations in a three stage regime model: CoO 
grains in the shell are antiferromagnetic at low, become superparamagnetic at intermediate, 
and get paramagnetic at high temperatures.  
 
Consequently, exchange bias is present until the superparamagnetic regime is 
reached (T2 = 175 K in Figure 4-16). Any further temperature increase leads to a more 
superparamagnetic fluctuating grains. Thus, its influence on the ferromagnetic core de-
creases and the core magnetic moments at the interface can align easier along the long axis 
of the rods due to shape anisotropy. This leads to the higher squareness as indicated by the 
simultaneously increasing coercive field and remanent magnetization. Maurer et al. identi-
fied T3 as TN (cf. Figure 4-16), above which the influence of the antiferromagnetic shell 
vanishes, and Hc (S) decreases (increases) with temperature. In contrast to their argument, 
since in this case TN is higher, these observations should be discussed within a temperature-
dependent vectorial effective anisotropy model comprising at least the major anisotropy 
components, i.e. magnetic anisotropy of the ferromagnetic core and the antiferromagnetic 
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shell, and the interfacial exchange. Since the above anisotropy values are unknown or scat-
ter significantly for nanoscale systems in the literature and the present study cannot deliver 
them precisely, the following discussion is on a qualitative level in conjunction with the 
structural results. 
 
The magnetic easy axis of the ferromagnetic CoNi core is the nanorod long axis with 
collinear orientation of magnetocrystalline and shape anisotropies. The oxide shell grows 
quasi-epitaxial on the rods with one <001> direction parallel to the c-axis of the core. In 
bulk, CoO, and presumably also the present Ni-doped CoO have rock salt structure above 
and a monoclinic structure below TN, with a large tetragonal distortion along the cube edges 
with c/a < 1 and a small deformation along <111>. This implies a pseudo-cubic structure 
with two CoO units per unit cell [163]. In the antiferromagnetic state the sublattice spins 
align collinear approximately in <110> directions of the pseudo-cubic structure [164]. Alt-
hough significant additional stress at the interface can be expected for the CoNi nanorods, 
here, it is speculated that the spin orientation in the antiferromagnetic shell is similar and 
thus not collinear to the <100> direction and the c-axis of the ferromagnetic core.  
 
This misalignment of ferromagnetic and antiferromagnetic spins at the interface cer-
tainly has a strong impact on the magnetic properties. Considering the stronger magnetic 
anisotropy of Co oxides, as compared to CoNi at low temperatures, likely, the interface 
spins are governed by the antiferromagnetic shell. From the fact that the Curie temperature 
of the CoNi core is much larger than TN of the shell one may assume that the magnetic 
anisotropy contributions have strongly different temperature dependencies. Then the major 
source of magnetic anisotropy should switch from the antiferromagnetic shell to the ferro-
magnetic core upon rising temperature. Below T1 = 100 K field-induced orientation of ro-
tatable antiferromagnetic interfacial spins leads to the splitting of the coercive field after 
ZFC and FC. The temperature at which the exchange bias vanishes (T2 = 175 K) is the 
temperature limit of pinned interface moments and above, antiferromagnetic moments get 
rotatable, contributing to the uniaxial anisotropy. For higher temperatures the influence of 
the antiferromagnetic moments gets weaker and, consequently, more and more interface 
spins align with the ferromagnetic core as suggested by the rising remanent magnetization 
up to T3 = 250 K. The decrease at higher temperatures is presumably due the significant 
decrease of all anisotropy contributions in both, the core and the shell, even without reach-
ing TC and TN in the present experiments.             
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Overall, one reasonable explanation of the magnetic hardening at intermediate tem-
peratures is:  (i) there is a certain degree of crystallographic order between core and shell 
and (ii) the magnetic easy axis of the ferromagnetic core (here c-axis and long axis of the 
rods) and the antiferromagnetic shell (here presumably monoclinic Co-rich oxide below 
TN) are not collinear. These two conditions are fulfilled for the present study and all the 
examples discussed above. Thus, the ferromagnetic-antiferromagnetic core-shell nanorods 
represent a prototype system for investigating the influence of superparamagnetic fluctua-
tions in exchange bias. Vice versa, for spherical particles with core-shell symmetry these 
conditions can hardly be matched, which is probably the reason why such behavior has not 






Co80Ni20 nanorods with average length of 52.5 nm and 6.5 nm diameter were pre-
pared as considering them a promising option for the production of permanent magnets, by 
exploiting the alignment of magnetocrystalline and shape anisotropy axes in conjunction 
with exchange bias. The stoichiometry has been chosen to exploit the highest magnetocrys-
talline anisotropy among the 3d-elements (hcp Co), the still large magnetization at low Ni 
content, and the good long-term stability of CoNi alloys. Structural, morphological, and 
chemical investigations revealed surface oxidized nanorods consisting of a metallic hcp 
CoNi core and a Co-rich oxide shell with a thickness of 1-2 nm. The crystallographic c-
axis in the core is collinear with the long axis of the nanorods. Co-rich oxides have grown 
around the core with a defined crystallographic orientation, i.e. 〈0001〉hcp || 〈001 〉fcc. The 
magnetic characterization of this system shows strong unidirectional anisotropy at low tem-
peratures after field cooling while the exchange bias vanishes at T = 175 K. Interestingly, 
in an intermediate temperature range 175 K < T < 250 K the coercive field rises by almost 
a factor of two, before it starts decreasing again for higher temperatures. This effect is dis-
cussed within a three range regime model suggested before, considering the superparamag-
netic fluctuation of antiferromagnetic grains in the Co-rich oxide shell. Such behavior is 
expected only if the magnetic easy axes of the ferromagnetic core and the antiferromagnetic 
shell are not collinear.        
 








5 CoO Octahedra 
 
In this chapter, synthesis and structural as well as magnetic characterization of well-
defined core-shell octahedral CoO-Co3O4 nanocrystals are discussed. These nanocrystals 
exhibit a remarkable room temperature ferromagnetic behavior well above the antiferro-
magnetic ordering temperature of both oxides. In order to understand this magnetic re-
sponse, a detailed structural investigation on both, the atomic structure and composition of 
a single nanoparticle and their morphology is required. Therefore, in this chapter, first the 
synthetic procedure of cobalt oxide octahedral nanoparticles with tunable sizes is summa-
rized, with the corresponding morphology studies of shape and size. Secondly, the struc-
tural and chemical composition of the nanoparticles are analyzed. Later on, the three di-
mensional morphology is discussed in the frame of a growth mechanism model and lastly, 
the magnetic characterization is presented and the origin of the ferromagnetic response 





Transition metal oxide nanoparticles are significant due to their potential in a wide 
range of applications, mainly due to their chemical stability and magnetic properties. In 
particular, cobalt oxides nanoparticles have attracted special attention due to its applica-
tions in many fields such as gas sensors [165, 166], anodes of lithium batteries [167, 168, 
169], catalysts [170], supercapacitors [171], magnetic data recording devices [172, 173], 
etc.  
 
A significant feature of cobalt nanoparticles is their tendency to rapidly oxidize in 
atmospheric conditions even at room temperature. The oxidation of cobalt can lead to the 
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formation of three oxides: CoO (cobaltous oxide), Co2O3 (cobaltic oxide) and Co3O4 (co-
baltous-cobaltic oxide). CoO is quite susceptible for further oxidation, especially in a finely 
divided form like in the case of nanoparticles. It can adsorb oxygen at room temperature up 
to the equivalent of Co3O4 on the crystal surface. On the contrary, Co3O4 is a stable, black 
crystalline compound with spinel structure.  
 
It has been proven that both pure oxides CoO and Co3O4 are good candidates for their 
use as anode (negative-electrode) in lithium-ion batteries [174, 175, 176, 177]. In reference 
[176] nano-sized (387 nm edge length) and micron-sized (6.65µm) Co3O4 octahedrons were 
synthesized through a wet chemical method followed by thermal treatment. The electro-
chemical test revealed that the lithium storage property of Co3O4 materials as anode of lith-
ium ion batteries depends strongly on their structure and particle size. The excellent elec-
trochemical performance of the nanosized nanoparticles was attributed to the surface 
atomic arrangement of the {111} facets. The (111) planes of a fcc structure have a more 
accesible surface structure than (100) and (110) planes, which can be related to more active 
sites for the diffusion of lithium ions. Thus, Co3O4 nanooctahedra enclosed by eight {111} 
facets facilitate the diffusion of lithium ions and enhance the performance when used as 
anode of lithium ion battery. This conclusion is also supported in reference [178]. 
 
Furthermore, control in the synthesis of well-defined shapes and facets of Co oxides 
nanoparticles is essential for ultimate applications. For instance, in catalysis, the reactivity 
and selectivity of catalysts depend upon the different arrangement manner of surface atoms 
and the number of dangling bonds of different crystal planes [179]. In this regard, the study 
done by Yadong Li and co-workers [180] is an example of the importance of controlling 
the shape and outer facets of a cobalt oxide crystal. They have shown the different yield in 
methane catalytic combustion using Co3O4 nanoparticles with different shapes: nanosheets, 
nanobelts and nanocubes. They have found that the well-defined outer {112} crystal planes 
of the nanosheets present higher catalytic activity than the {011} and {001} outer planes 
of the nanobelts and nanocubes. These results indicate therefore the significance of tuning 
the shape of crystals.   
 
As discussed in chapter 2.2, the reactivity of materials depends on theirs physical 
properties. In order to fulfill the requirement for various technical applications of Co oxides 
nanoparticles, it is rather important to control various factors such as size, composition, 
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crystallinity, morphology and well-defined shapes of these nanocrystals. 
  
Cobalt oxide nanoparticles have been synthesized by different methods including 
thermal decomposition [181, 182], gas vapor condensation [183], solvothermal methods 
[184], coprecipitation [185] and sol–gel methods [185, 186], among others. In the thermal 
decomposition method, cobalt carbonyl (Co2(CO)8) has been often used as the precursor 
[187]. However, this compound is strongly toxic and relatively expensive. To avoid these 
disadvantages, other precursors have been used, such as cobalt hydroxide [188], cobalt (II) 
acetate tetrahydrate [181], cobalt (II) acetylacetonate [189] or cobalt oleate [190].  
 
Other shapes of cobalt oxides crystals have been achieved as well, such as cubic 
[191], spheres [192, 193, 194], tetragonal nanocrystals [187, 192], tetrapods [195], hexag-
onal pyramid-shaped [182], pencil-shaped [190], flower-like [196, 197], nanobelts [178], 
nanorings [198], nanoplates and nanorods [199] among others. The latter case is a study of 
Peng and co-workers which is indeed a good example of how optical and catalytic proper-
ties vary with the crystal shape and dimensions of nanocrystals. One of the main conclu-
sions of their study is that nanoplated shapes with basal planes corresponding to {001} 
facets, present better catalytic activity than nanorods for hydrogen generation. 
 
For reasons above discussed, the design of a new method for the synthesis of cobalt 
oxide octahedron-shaped nanoparticles with tunable size, as well as determining precisely 
the physical and chemical properties of these nanocrystals is the main focus of the research 






Park and co-workers developed several years ago a simple and reproducible strategy 
for the synthesis of hexagonal and cubic CoO nanocrystals consisting in the thermal de-
composition of a single molecular precursor Co(acac)3 (cobalt acetylacetonate) in oleyla-
mine at 200 ºC [182]. They managed to isolate cubic and hexagonal phases of CoO by 
changing the synthetic conditions. Additionally, they were able to control the size and shape 
of the CoO nanocrystals by changing the precursor concentration. When the molar ratio 
between the organometallic precursor and the solvent was set to be 1:200 or 1:100, rod-
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shaped and pyramid-shaped (respectively) CoO nanocrystals were formed. Molar ratio of 
1:50 led to a pyramid-shaped nanoparticles with larger crystals, which indicates however 
that the hexagonal pyramid shape was favored by the abrupt decomposition of precursor at 
higher concentration.  
 
In the same work, the isolation of the cubic CoO phase was also achieved by varia-
tions in the reaction temperature. It was suggested that oleylamine-substituted cobalt com-
plex formed by prolonged heating at 135ºC (prior to increase the temperature up to 200ºC), 
was the key factor to obtain cubic seeds and consequently fcc CoO final product. Although 
the reaction mechanism leading from Co3+ to Co2+ (Co(acac)3 → CoO) and the source of 
oxygen were not clearly understood, oleylamine was assumed to be the reducing agent and 
the acetylacetonate ligand was thought to be the source of oxygen to form CoO [182]. Chen 
and co-workers [200] also stated that the oxygen for the formation of CoO nanocrystals 
should originate from the decomposition of acetylacetonate cobalt precursor because the 
reaction was conducted with rigorous exclusion of other oxygen sources. 
 
The excellent results obtained by Park and co-workers concerning the phase-, shape- 
and size- controlled synthesis of CoO nanocrystals, served as a precedent to advance this 
line of inquiry. Thus, the work presented in this chapter is the result of that effort and all 
the CoO nanoparticles were synthesized varying and optimizing the thermal decomposition 
process initially proposed by Park et al. Indeed, adapting this method of synthesis, CoO 
octahedron-shaped nanoparticles were obtained. Particularly in this chapter, a detailed 
study of three samples of CoO nanocrystals with 20, 40 and 85 nm average edge length is 
presented.  
 
The samples of 40 and 85 nm average edge length CoO nanooctahedra were synthe-
sized using the hot-injection thermodecomposition method. The precursor solution, which 
consist of Co (II) acetate tetrahydrate (2.66 and 4 mmol, respectively) dissolved in 5 mL of 
absolute ethanol, was added into a mixture of trioctylamine (25 mL, 57.18 mmol) and oleic 
acid (5.12 and 8 mmol) at 170 ºC. The mixture was kept at this temperature for 30 min in 
order to let the ethanol evaporates. After that, the temperature was increased at the rate of 
3 °C/min until 300 °C. The system was left to reflux (at T = 300 ºC) for two hours. 20 nm 
average edge length CoO nanooctahedra were similarly synthesized but dissolving cobalt 
acetate tetrahydrate (2 mmol), oleic acid (8 mmol), oleylamine (20 mmol) and TOPO (0.2 
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mmol) in a mixture of trioctylamine (5 mL) and octyl ether (15 mL), and then heating to 
reflux (at T = 300 ºC) for six hours. Once cooled to room temperature, the nanostructures 
were separated by centrifugation, washed several times with ethanol and finally stored in 
absolute ethanol as well. 
 
The observation of a color change in the reaction mixture is a good indicator of the 
progress of the reaction. The initial precursor solution consisting of Co (II) acetate tetrahy-
drate dissolved in absolute ethanol is pink as shown in Figure 5-1 (a). When this solution 
is added to the hot liquid mixture of solvents, the blend takes on a yellowish tone (Figure 
5-1 (b)). As the reaction progresses, the color of the reaction mixture changes gradually 
from yellow to dark brown as shown in Figure 5-1 (b) and (c). Park and co-workers also 
obtained a final brown solution when preparing cubic CoO nanocrystals [201]. However, 
they observed that the final solution was green when preparing nanoparticles with a hexag-
onal crystalline structure from similar synthetic conditions. They attributed this differenti-
ation of hexagonal and cubic phases to the presence of water because cubic nanocrystals 
were only formed when water was added to the reaction. In agreement with the observation 
of Park and co-workers [201], the experimentally obtained final solution was also brown 
(Figure 5-1 (c)), indicating that most probably the formed nanocrystals have a cubic struc-
ture. In the present case, the presence of water in the reaction blend is attributed to the 





Figure 5-1. (a) Initial precursor solution consisting of Co (II) acetate tetrahydrate dissolved in absolute 
ethanol. (b) Reaction blend after the hot injection addition of precursor solution into a mixture of solvents at 
170°C. (c) Final reaction product after cool down to room temperature.  
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5.3 Morphology  
 
CoO nanocrystals have been characterized by means of transmission electron micros-
copy (TEM). A typical TEM overview image of the as-synthesized cobalt oxide nanocrys-
tals is shown in Figure 5-2. Low magnification bright-field TEM image in Figure 5-2 (a) 
display the 2D projections of theses nanocrystals supported on a carbon film. The projected 
morphologies display well-defined geometrical shapes such as square, rectangle, hexagon 
and rhombus, which can be derived from an octahedral shape depending on the orientation 
of each nanoparticle as depicted in Figure 5-2 (b). These morphologies closely resemble 
the TEM images acquired at higher magnification shown in Figure 5-2 (c). Derived from 
TEM studies, the different geometries were matched to different zone axis (depicted in 




Figure 5-2. (a) Bright-field TEM micrograph of the Co oxide nanoparticles. (b) Schematic drawing of an 
octahedron in perspective and its 2D projections, with indication of the main zone axes. (c) Particles projec-
tions correspond to that of an octahedron. 
 
For an overview of the size and polydispersity of the different synthesized samples, 
statistical measurements of the nanocrystals were performed. The TEM overview images 
of the as-synthesized cobalt oxide nanocrystals with corresponding size distributions are 
shown in Figure 5-3. The average edge length of the octahedron-shaped nanocrystals were deter-
mined to be 19.4 2.7 nm (a), 40.9 9.3 nm (b) and 85.3 8.3 nm (c). The graphs plotting 
the size distribution analysis including the lognormal fit parameters are in Figure 5-3 (d), 
(e) and (f), respectively.   





 Figure 5-3. TEM overview images of the octahedron-shaped nanocrystals with 20 (a), 40 (b) and 85 (c) nm 
as average edge length with corresponding size distribution (d), (e) and (f) underneath.  
 
Because different orientations of the nanooctahedra might lead to misunderstanding 
in the estimation of the particle size, the average edge length () was measured taking 






Figure 5-4. 2D projections of the cobalt oxide nanocrystals, including the measured average edge length 
depending on the displayed projection in the TEM image. 
 
 
5.4 Structural and chemical characterization  
 
The crystalline structure and chemical composition of all the three samples was char-
acterized by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), selected 
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Figure 5-5. X-ray photoelectron (XPS) spectra of nanocrystals with 20 and 40 nm average length, black and 
red lines, respectively.  
 
Figure 5-5. X-ray photoelectron (XPS) spectra of nanocrystals with 20 and 40 nm 
average length, black and red lines, respectively. In each spectrum, the main peaks can be 
indexed to Co 2p, O 1s and C 1s regions. The presence of carbon is likely explained by the 
existence of an organic layer (capping molecules) on the surface of nanocrystals.    
 
Figure 5-5 (b) presents the Co 2p region including two broad sets of signals. The 
binding energies are 782 eV for the 2p3/2 line and 798 eV for the 2p1/2 line.  The doublet 
splitting is Δ = 16 eV. According to the NIST reference database [143], these observations 
possess many similarities to CoO and Co(OH)2, confirming the presence of Co
2+.  Within 
the resolution of XPS, the presence of metallic Co (Co0) can be excluded (778.0 eV).  In 
addition, satellite features of this region allow distinguishing cobalt oxidation states, which 
are highly related to the energy gaps between the Co 2p main peak and satellite peaks. The 
spectra of the Co-2p doublet include two distinguishable satellite peaks shifted by ∼6 (S1) 
and ∼9 eV (S2) with respect to the Co 2p3/2 main peak. The relative intensities of these 
peaks (S2 is rather weak but still discernible) indicate that Co
2+ is the predominant species 
and some Co3+ is also present. Figure 5-5 (c) shows the O 1s signals, centered at 531.7 eV. 
As the Co 2p and O 1s core levels binding energies of cobalt oxides and hydroxides are in 
the same range, the spectra confirm again the absence of metallic cobalt [202]. 
 
A representative XRD pattern of the octahedron-shaped nanocrystals is shown in Fig-
ure 5-6 (black line). All the reflection peaks are characteristic of a standard face-centered 
cubic (fcc) phase, which corresponds to rock salt CoO crystalline lattice. All the reflection 
peaks of 2θ at 36.5, 42.4, 61.4, 73.7 and 77.5 can be assigned respectively to the scattering 
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from the {111}, {200}, {220}, {311} and {222} planes of the CoO cubic structure. No 
other phases such as the hexagonal CoO wurzite (blue line) or the Co3O4 spinel types, pre-




Figure 5-6. XRD pattern of the octahedron-shaped nanocrystals (black) along with two reference samples, 
cubic CoO crystal (red) and hexagonal CoO (blue). 
 
The sharp diffraction peaks indicate that the as-synthesized CoO particles possess a 
good crystallinity, while the qualitatively broadening of the peaks with respect to the bulk 
CoO congener indicate that the nanoparticles are in the nanometer size regime [203, 204, 
205]. The resulting relative intensities of the {200} and {111} diffraction peaks is higher 
than the tabulated value (1.36 instead of 1.19), which indicates that the nanostructures are 
abundant in {100} planes, likely due to an accelerated growth along the <100> directions 
[206]. 
 
Since the magnetic response of the sample (Subchapter 5.7) can not be explained by 
the existence of a pure CoO phase as inferred from the XRD data analysis, selected area 
electron diffraction (SAED) method was applied as an additional technique to determine 
the nanocrystals structure. Figure 5-7 (a) shows a typical electron diffraction obtained by 
selecting an ensemble of nano-octahedra of 4 µm in diameter (see inset) and can be indexed 
according to a cubic structure with a = 4.02 Å, which corresponds to rock-salt structure of 
CoO. Figure 5-7 (b) shows the integrated intensity profile of these electron diffraction rings. 
This intensity profile was further analyzed by second derivative to identify the reflection 
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peaks, which basically matches the CoO and Co3O4 phases. However, additional peaks 
marked with white arrows in the diffraction pattern and black arrows in the 2nd derivative 
profile seem to not match either CoO or Co3O4 phases. This feature corresponds to a double 




Figure 5-7. (a) SAED pattern of an ensemble of nanooctahedra shown in inset. (b) Integral intensity profile 
of these electron diffraction rings.  
 
In contrast with the information provided by the x-ray diffraction pattern, in which 
no other phase than pure CoO was identified, SAED pattern reveals two different crystal 
lattices. This discrepancy is probably due to the high scattering sensitivity in electron dif-
fraction. The scattering strength due to multiple scattering of x-ray photon with matter is 
3-4 orders of magnitude weaker than the scattering strength of electron (with energy of 
kilovolts) with matter [207].  
 
Indeed, contrast differences were observed in the low-magnification bright-field 
TEM images (Figure 5-8 (a)) which indicate evidence of a change in the nature of different 
areas within the NP, pointing towards the existence of a core-shell structure. A dash-line 
curve is included in the figure as a guideline for the eye denoting the interface boundaries 
of the core-shell contrast variations.  
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Figure 5-8.  STEM-EELS mapping of the CoO/Co3O4 interface of a single cobalt oxide octahedron.                   
(a) Bright-field TEM image of a typical octahedra oriented along the [110]-zone axis, displaying contrast 
variations as delineated by dash-curves. (b) STEM-EELS spectrum image (SI) acquired with 22x16 pixels, at 
80 kV using a probe size of 1 nm and magnified area (c) near the crystal surface. (d) Background-subtracted 
EEL spectra obtained from the core (A) and shell (B) regions indicated in (c). (e) Map of the ratio of the L 
edge intensities Co I(L3)/I(L2) determined from the spectrum acquire at different position (b). A ratio of 4.5 
(red) and 2.4 (blue) is typical for Co in CoO and Co3O4, respectively. These values are adapted from [208]. 
 
 
In order to provide atomically resolved structural information, spatially resolved 
electron energy loss spectroscopy (EELS) was performed in scanning transmission electron 
microscopy (STEM) mode.  
 
In EELS, the L ionization edges of transition-metal elements usually display sharp 
peaks at the near edge region, known as white lines. For transition metals with unoccupied 
3d states, i.e. cobalt, the transition of an electron from 2p state to 3d levels leads to the 
appearance of these white lines. Numerous EELS experiments have shown that a change 
in the valence state of 3d element cations introduces a dramatic change in the ratio of in-
tensities of these white lines [209, 210, 211, 212]. Thus the L3/L2 intensity ratio in the Co 
L2,3-edges, is a fingerprint that can be used for identification of different ionization states 
of cobalt. 
 
Since the spectroscopy analysis of the white line intensity is feasible for a region 
selected by the electron beam, different areas of the sample have been analyzed separately 
(core and shell). Figure 5-8 (b) shows a high-angular annular dark-field (HAADF) image 
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of the edge of the octahedron. Figure 5-8 (c) depicts a magnified area near the crystal sur-
face, in which a core region (A) and shell region (B), are marked with black dashed squares. 
Figure 5-8 (d) shows background-subtracted typical EEL spectra at the O K-edge and Co 
L2,3-edges obtained from the core (A) and shell (B) regions indicated in (c). It can be seen 
that the L2 edge in the shell region (B) is higher than that in the core (A). 
 
In order to quantify the Co L3/L2 ratios acquired from the core-shell particle with 
high spatial resolution, every EEL spectra in the spectrum image (SI) dataset have been 
analyzed using a second-derivative method [213], in order to calculate an L3/L2 ratio map. 
As shown in Figure 5-8 (e), the core region of the particle exhibits a higher L3/L2 ratio of 
4-5, whereas the shell region exhibits a lower L3/L2 ratio of 2-3.5, which is typical for Co 
in CoO and Co3O4, respectively [208, 214]. 
 
The O K-edge can also provide information about the oxidation states of cobalt. For 
the O K-edge, peaks labelled as a, b, and c in in Figure 5-8 (d) arise from the electronic 
transitions from O 1s → 2p states hybridized with unoccupied Co 3d, 4s, and 4p orbitals, 
respectively. Characteristics features in these peaks (relative intensities and energies) are 
also commonly used as fingerprint for discriminating Co oxide phases [208, 214].  In O K-
edge spectra, a high intensity in pre-peak a acquired from the shell region (B) is indicative 
of a Co3O4 phase. In contrast, the O K-edge acquired from the core region (A), in which 






Figure 5-9. HRTEM image (scale bar: 2nm) of an octahedral nanocrystal showing core and shell areas with 
different contrast (a). Fourier filtering of the image (a); using frequencies that correspond only to Co3O4 
planes (b) and using frequencies that correspond both to Co3O4 and to CoO (c). Insets demonstrate the Fou-
rier transform of each of the images. 
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To fully demonstrate the existence of a core-shell structure with different crystalline 
lattices, Fourier transform filtering analysis was performed. The result is shown in Figure 
5-9. The panel on the left (a) shows a low magnification bright-field TEM image of an 
octahedron that exhibits bright-dark patched contrast. Because the particles present a nearly 
perfect octahedron shape and are oriented along their zone axes, the contrast variation arises 
from changes in scattering condition due to the core/shell structural overlay. This feature is 
the so called Moiré effect and appears when two dissimilar lattices overlay or rotate,one 
respect to the other. Nevertheless, the distinct CoO(core)-Co3O4(shell) contrast is clearly 
revealed.  
 
The Fourier filtered images are shown in Figure 5-9 (b) and (c). Figure 5-9 (b) shows 
an image that is the result of the Fourier filtering of the TEM image in Figure 5-9 (a), using 
the spots or frequencies that are exclusive for the Co3O4, while in panel (c) the filtering was 
done using the spots that are due both to Co3O4 and CoO. This provides convincing evi-
dence for the presence of two different lattices, CoO in the core region and Co3O4 in the 
shell.  
 
In summary, the combination of TEM imaging and spectroscopy confirm the exist-
ence of a thin 2-4 nm thickness spinel-like Co3O4 structure on a surface of cubic CoO core. 
This fact is in concordance with the possible surface oxidation mentioned in the introduc-
tion of this chapter. Pure CoO is difficult to obtain by a simple chemical route since this 
approach typically produces CoO with small amount of metallic Co or Co3O4 (due to sur-
face oxidation) [215].   
 
Detailed analysis of HRTEM images provided additional information about the struc-
ture and composition of the nanooctahedra. A combination of the high- resolution imaging 
and SAED pattern makes possible the elucidation of the relationship between the crystal-
lographic orientations of the nanocrystals according to the octahedron shape. 
 
Figure 5-10 includes HRTEM images with enlarged views of the octahedron edges. 
The regions marked by the red squares in the insets show the imaged area on the octahe-
dron. These HRTEM images were acquired on the edges of the nanoparticles and show 
well-defined lattice fringes with the interplanar spacing of the (111) planes resolved at 2.46 
Å. Upon careful inspection of the limiting surfaces of octahedra, it was found that these 
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nanocrystals present really smooth {111} facets of the cubic structure, demonstrating pla-
nar boundaries ordered up to the surface. No planar defects such as twin boundaries or 





Figure 5-10. HRTEM images of the cobalt oxide octahedra showing the planes ordered up to the surface 
(top) and three main projections. HRTEM images of octahedra at their sides in the [211] and [110] zone axis 
respectively (a and b), and the corresponding digital diffractogram in the inset. Three different projections 
of the octahedra in the [011], [112] and [111] zone axis (sketches in yellow correspond to projection schemes 
of an octahedron model in the same corresponding axis (c, d and e). Corresponding SAED patterns obtained 
from the very same single octahedron showed in the upper images, in plane rotation of the diffraction patterns 
were compensated (f, g and h). 
 
 
  Figure 5-10 (c-e) includes different 2D-projections of the octahedra and their corre-
sponding Fourier transform pattern (f-h), from which the analysis reveals the corresponding 
crystalline zone axis. Drawings of the projections of a regular octahedron in the various 
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zone axes have been included, in correspondence with scheme in Figure 5-2 (b). In Figure 
5-10 (c) and (d) it is included as well the views of the {111} facet in section, because it is 
parallel to the electron beam in this orientation of the octahedra.  The selected area electron 
diffraction (SAED) patterns (Figure 5-10 (f-h)) obtained from the very same corresponding 
single octahedron shown in the upper images (Figure 5-10 (c-e)) show a set of spots that 
can be indexed as different Bragg planes of cubic CoO. These projections look like a rhom-
bus, a rectangle, or a hexagon and correspond to the [011], [112], and [111] zone axis, 
respectively. The sharp diffraction spots in these patterns indicate that the octahedra are 
single crystals, which is in agreement with the result of XRD analysis. 
 
As revealed in the HRTEM images of octahedral with different orientations, the sharp 
surfaces can actually show truncated tips, marked with red arrows in Figure 5-10 (c-e), and 
magnified in Figure 5-11. 
 
 
Figure 5-11. HRTEM image of a tip of an octahedral nanoparticle, showing distinct CoO-core and Co3O4-
shell lattice.  The inset shows the Moiré pattern due to the overlay of two crystalline lattices.  
 
The presence of bevels (truncated tips) in octahedron-shaped nanocrystals was ob-
served by Liz-Marzán and co-workers [216]. They considered that this feature might be 
due to the presence of water in the reaction mixture. Zhang et al. [200] also sustain that 
water plays a critical role as regarding shape and size of CoO nanocrystals, which evolve 
from spherical into more quasi-cubic shapes when water was added into their reaction me-
dium. These quasi-cubic shapes are also wounded by {111} facets and bevels (though not 
mentioned by the authors) [200]. Xu et al. [176] also succeeded in synthesizing 387 nm 
Co3O4 nanocrystals with similar bevels, but they did not analyze this feature either. 
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Summarizing the structural analysis, X-ray powder diffraction revealed that the ma-
jor constituent of these nanocrystals is CoO with rock salt structure and confirmed the ab-
sence of metallic cobalt (Co0). X-ray photoemission spectroscopy (XPS) measurements 
confirm the presence of two different magnetic phases in agreement with the HRTEM re-
sults, which reflected the CoO-Co3O4 core-shell structure of the nanoparticles. These crys-
talline cobalt oxide octahedra have eight (111) crystal facets stabilized in air by a thin 
Co3O4 skin, which is formed naturally by surface oxidation in air, and is thermodynamically 
more stable than CoO. The flatness of the outer facets is outstanding and indicates the ex-




5.5 3D morphology: perfect octahedra 
 
To unambiguously confirm the octahedral shape and precisely reconstruct the 3D 
morphology, electron tomography was used in combination with high-angle annular dark 
field (HAADF) scanning transmission electron microscopy (STEM) imaging. This method 
consists of acquiring a series of TEM images by tilting the sample over a large tilt range, 
with an increment of 1°. After alignment of the projection images, the tilt series is combined 
into a 3D reconstruction of the original object using a mathematical algorithm [32, 33]. The 
reconstructed morphology is summarized in Figure 5-12.   
 
 
Figure 5-12 (a) shows a pair of corresponding images of projected 2D and recon-
structed 3D image of a chain of cobalt oxide octahedra, confirming the 3D octahedral shape.  
One chosen octahedron is color coded and oriented along 2 major axes, [001] and [110] as 
shown in Figure 5-12 (b) and (c), respectively, together with octahedron schematics. A 
good match is found with the low-magnification images along the corresponding directions 
showed in Figure 5-2 (c). The reconstructed 3D structure that is volume-rendered (and con-
sequently mass-dependent) enables us to measure the edges and angles of the individual 
octahedron-shaped particles. The dihedral angles between (101) and (110) facets is 70.1° 
and the angle between (111) and (110) facets is 117°. The analysis reveals the almost ideal 
octahedron shape with equal edge lengths. According to the perfect octahedron shape, exact 
{111} crystallographic facets terminated on the eight facets of the octahedron emerge, as 
determined both by diffraction and high-resolution imaging.  




Figure 5-12. HRTEM (a) and 3D reconstruction images (a right, b, and c) of perfectly shaped CoO octahedra. 
(d) Bright field TEM in which you can see difference in contrast in the center of the octahedrons. (e) STEM-
HAADF image proving that most of the nano-octahedral have a large void surrounded by some smaller. (f) 
Oblique slicing 3D reconstruction image through an octahedron confirming the presence of voids in the inner 
part of these particles. 
 
In most of bright field TEM images a difference in contrast in the center of the nano-
crystals can be appreciated (Figure 5-3 (b)). The HAADF STEM image shown in Figure 
5-12 (e) confirms that the contrast difference is due to difference in thickness of the nano-
crystal. The presence of holes at the surface of the crystals can be discarded because 
HRTEM and TEM images do not display any similar feature even when imaged the facets 
in section as shown in Figure 5-10. Moreover, to confirm the presence of voids in the inner 
part of these particles, oblique slicing through an octahedron-shaped particle was per-
formed, as shown in Figure 5-12 (f). The oblique slicing along octahedron [001] zone-axis 
revealed indeed the presence of several voids inside the octahedron located around a main 
and centered cavity of 5-10 nm diameter (indicated by black arrows in (f)). The explanation 
of this feature is included in subchapter 5.6. 
 
From the above complementary analysis, we can conclude that while the 2D mor-
phologies display well-defined geometrical shapes deriving from a projected octahedron, 
the tomographic results undoubtedly settle the 3D octahedral-shape and internal partially 
hollow structure.  
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5.6 Growth mechanism 
 
From the comprehensive structural and compositional information from the cobalt 
oxide nanocrystals discussed above and in order to explain the octahedron shape, the voids 
observed and the final core-shell structure attained, we have performed a systematic work 
going through every step of the synthetic process, in order to understand the mechanism 
involved.  
 
As explained in subchapter 2.2, a general synthetic process to produce nanoparticles 
by colloidal chemistry methods consists on a single short burst of nucleation followed by a 
slower growth of these nuclei formed to reach the final size of the nanoparticles. This mech-
anism generally fits a scheme on which there is a main chemical reaction that supplies 
“monomers” of the sought material, reaching a critical level above its equilibrium solubility 
so that a burst of nucleation occurs. As monomers condense into nuclei and then contribute 
to the nanoparticle growth, their concentration becomes highly decreased or even depleted 
and different processes such as Ostwald ripening can begin. In this kind of processes, var-
iables such as temperature and metal-precursor-to-surfactant ratio, exert control over the 
nanoparticle size and shape.  
 
Thus, in order to understand the synthetic process for the production of these octahe-
dron-shaped nanoparticles, one needs to pay attention to the decomposition of the metal 
precursor-surfactant complex and the use of a coordinating ligand that directs the growth. 
 
From the point of view of the reaction, in comparison to previous work by Park and 
co-workers who synthesized CoO nanoparallelepipeds with rod and pyramidal shape from 
a similar reaction mentioned above [182], our method is different in terms of: 
 
 the nucleophilic attack between the acetate (from precursor) and the amine 
groups (from solvent molecules),  
 the growth of the nanoparticles (using oleic acid as a ligand),  
 the solvent that reaches a much higher refluxing temperature, 
 addition of the precursor at high temperature (hot injection). 
 
All these aspects favor the production of perfectly shaped octahedral, so let´s analyze 
them in detail. Compared to the previous work done by Park and co-workers, in the present 
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study cobalt acetate tetrahydrate in trioctylamine has been used instead of cobalt acety-
lacetonate in oleylamine [182] or benzylamine [191].  However, the reaction mechanism 
postulated by Park et al. in their studies and the analogous mechanism proposed by Nieder-
berger et al. [217], can also apply here. Trioctylamine nucleophilically attacks the carbox-
ylic groups of the acetates causing a bimolecular nucleophilic substitution, termed SN2, 
which leads to the formation of covalent bonds between cobalt and oxygen atoms [218]. 
 
The degree of amine substitution is an important factor in the reaction of these com-
pounds. An increasing of the number of alkyl groups on the amine nitrogen leads to a 
change the strength of the nucleophilic attack. Higher number of alkyl group gives more 
electronic charge to the nitrogen making the amine more nucleophilic. However, it also 
increases the steric disruption, which is unfavorable for the nucleophilic attack. Both phe-
nomena counteract the inductive donor properties of the nitrogen as a nucleophilic atom. 
Acetate is indeed a good ligand for this process since it is weakly bonded to the metal ion 
and implies low steric hindrances, which facilitates the mentioned nucleophilic attack. It is 
difficult and out of scope of this thesis to estimate precisely the difference between the 
nucleophilic attack between the trioctylamine and cobalt acetate and the previously re-
ported nucleophilic attack of cobalt acetylacetonate in oleylamine, but it will definitely 
modify the reaction kinetics.   
 
It is worth to mention the fact that amines can not only act as solvents or surfactants, 
but can even become mild reducing agents in high temperature solution phase synthesis of 
metal and metal oxide nanoparticles [219]. Such properties are certainly correlated to the 
specific nature of the target nanomaterial and to the reaction conditions.  In the presence of 
stronger reducing agents, the role of amines is limited to act as a surfactant and/or solvent. 
However, when the concentration of amines is higher, these compounds can act as reducing 
agents. For example, pure oleylamine was able to reduced metal oxide fcc-CoO nanopar-
allelepipeds into pure fcc-Co hollow nanoparallelepipeds [220] and pure cobalt polypod-
like structures were also synthesized using oleylamine as reducing agent and cobalt acetate 
as metal precursor [221]. Magnetite nanocrystals were also produced using oleylamine as 
reducing agent, stabilizer and co-solvent with benzyl ether, using iron (III) acetylacetonate 
as metal source [222]. Bimetallic nanoparticles were also produced by this method. For 
example, monodispersed MPt (M=Fe, Co, Ni, Cu, Zn) nanoparticles where produced by 
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co-reduction of the metal acetylacetonates with oleylamine at 300°C [223] and FeCo nano-
particles were synthesized by reduction decomposition of iron (III) and Co (II) acety-
lacetonates in a mixture of oleylamine and oleic acid and 1,2-hexadecanediol.   
 
Though trioctylamine molecules present in the reaction medium can act as a mild 
reducing agent, the released Co2+ ions keep this oxidation state in the final product. In case 
of reaching the metallic Co0 oxidation state, the atoms would easily turn back into Co2+ 
ions due to the oxygen-rich environment favored by the (open-air) reflux. Trioctylamine 
may however prevent at some extend the further oxidation of these ions to reach the Co3+ 
oxidation state.   
 
In other words, both molecules involved in the main reaction, electrophilic (acetate) 
and nucleophilic molecule (amine), have been substituted with respect to the corresponding 
ones used in the mentioned previous studies. Consequently, the nucleophilic attack has 
been modified, thus altering the kinetic control of the reaction, which plays an important 
role in the size- and shape-control of the final product as explained in chapter 2.2.  
 
The second key factor that has been modified is the use of an extra capping agent. In 
this study, oleic acid is used as a stabilizing or capping agent controlling the growth by 
changing the surface energy of certain crystallographic faces and thus promoting the shape 
modification of the nanocrystals. The oleic acid molecule, as an amphiphilic compound, 
possess both hydrophilic (polar) and hydrophobic/lipophilic (apolar) properties (see Figure 
5-13). The hydrophilic part of the molecule is a carboxylic group (-COOH), which is neg-
atively charged and coordinates to the surface of the nanoparticles. Certainly, oleic acid is 
known as a surfactant that binds tightly to the metal nanoparticles surface. The lipophilic 
group is a large hydrocarbon chain that extends within the solvent and thus determines the 
stability of the nanoparticles in solution. More detail discussion is given later on. 
 
In this study, the presumably selective adsorption of the oleic acid molecules on the 
surface of the nanoparticles have directed the growth, ending up with octahedron-shaped 
particles with eight 111} surface facets since no octahedral shaped nanoparticles were 
obtained in its absence. 
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Figure 5-13. Schematics of the oleic acid molecule, which possesses a carboxylic group (-COOH, negatively 
charged) that coordinates to the nanoparticle surface and a hydrocarbon chain that extends within the solvent 
and determines the stability of the nanoparticles in solution. The atoms depicted in grey are carbon atoms, 
the white atoms corresponds to hydrogen and the red ones to oxygen.  
 
Paying attention to the oleic acid molecules; we can consider the negatively charged 
functional group as electron donating to coordinate to the electron-poor metal atoms at the 
nanocrystal surface (Co2+).  Different crystallographic facets of ionic crystals have different 
spatial atomic distribution and therefore different polarizabilities.  As a consequence, the  
–COOH groups from the oleic acid can selectively stabilize the (111) planes of the cubic 
rock salt structure of CoO (containing Co2+ cations only) because electrostatically the in-
teraction with the charged {111} facets is favored in comparison to the uncharged {100} 
facets (containing both Co2+ cations and O2- anions). On the other hand, oleic acid is able 
to modify the free energies of the different crystallographic facets. When oleic acid selec-
tively adheres to {111} facets it decreases their energy and slows down their growth. As 
studied in reference [17] the surface energy (γ) corresponding to different crystallographic 
facets follow the sequence: γ{111} < γ {100}  < γ {110}, being the {111} facets the ones 
with lowest surface energy. Facets with higher energy like {100} will grow faster, leading 
to nanocrystals that are terminated by slow-growing low-energy facets {111}.  In other 
words, oleic acid controls the formation of densely packed {111} outer facets of CoO rock 
salt structure.   
 
One more parameter that has been changed is the solvent where the reaction takes 
place. The solvent determines the refluxing temperature and thus the reaction temperature. 
Comparing with references [191, 201], in which benzylamine was used as a solvent (with 
a boiling point of 185 °C), we have used trioctylamine that reaches a much higher refluxing 
temperature (300 °C).  
 
The last parameter that has been changed in comparison with the previous studies 
was the addition of the precursor at high temperature. In order to favor the production of 
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nanoparticles with narrow size distributions, it is desirable that nucleation and growth 
stages take place subsequently in time, situation that can be favored by injecting the pre-
cursors into the solvent at high temperature and forcing the chemical process to reach the 
supersaturation of the monomer in a very short period of time. This process is known as 
hot injection procedure. The study done by Shukla et al. [26] is a clear example of the 
significance of the temperature at which the cobalt precursor is added to the reaction mix-
ture on the final cobalt nanoparticle shape. When the cobalt precursor is added at 100 ºC, 
disk-shaped nanoparticles were obtained.  However, when the temperature of injection was 
150 ºC, spherical nanoparticles were formed. 
 
Summarizing, these main variations introduced in the synthesis procedure has a dras-
tic impact in the shape of the nanoparticles, leading to an octahedral shape. In the literature 
there are many other examples of octahedron-shaped nanoparticles of different materials. 
Fe3O4 nanooctahedra (48 nm edge length) were synthesized by thermolysis of iron oleate 
in the presence of tetraoctylammonium bromide [216], Mn3O4 octahedra were produced 
using a simple hydrothermal method under the help of polyethylene glycol as a reductant 
and shape-directing agent. WO3 octahedra with edge lengths 200-400 nm were also synthe-
sized by a solvothermal route with the assistance of urea [224]. Indeed, pure CoO nanooc-
tahedra have been produced using the same metal precursor, cobalt acetate tetrahydrate, in 
oleylamine [170] and in anhydrous ethanol using polyethylene glycol as surfactant [181]. 
Pure Co3O4 octahedral were also obtained using cobalt chloride in ethylene glycol [176].  
 
Besides changes in nanoparticle shape, size is another key factor that determines the 
properties of the nanoobjets and thus theirs potential application. The size of the octahe-
drons can be tuned by changing multiple parameters. Empirically, it was found out that 
concentration of the precursor in the solution is the key factor to change the size between 
40 and 80 nm edge length. When the reaction is carried out using 2.66 mmol of cobalt 
acetate tetrahydrate, nanoparticles with 40 nm are obtained.  However, when 4 mmol are 
used, the final octahedrons are 80 nm in size.  
 
With the aim of decreasing the size of the CoO octahedrons even further, different 
(extra) reagents were added. It is known that the combined effects of several surfactants 
can be much more profound than those of individual contributions [225]. As an example, 
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Shao and co-workers have controlled the particle size using various surfactant combina-
tions [188]. They prepared cobalt nanoparticles in the presence of various surfactants: 
oleylamine, trioctylphosphine and oleylamine and trioctylphosphine, oleylamine and oleic 
acid. These additional surfactants resulted in a decrease in the average particle size from 
about 200 to 8 nm [188].   
 
Accordingly, the same idea was applied here to reduce the size of the CoO-Co3O4 
octahedra. For that, trioctylphosphine oxide and oleylamine were added to the reaction 
mixture as additional surfactants, which cause the reduction of particle size down to 20 nm 
average edge length. The fact that small sizes were obtained can be mainly attributed to the 
trioctylphosphine oxide [221]. This surfactant is a high-boiling point molecule with a pat-
ulous long chain structure, which provides greater steric hindrance. Consequently, the pres-
ence of this capping agent affects the nucleation step, creating a higher amount of nuclei 
and thus rendering to smaller nanoparticle size.  
 
Summarizing, from the point of view of the chemical reaction, the successful control 
in terms of size and shape stems directly from the change in the nucleophilic attack and the 
temperature at which the reaction take place. The dynamic surface solvation process estab-
lished at this organic – inorganic interface plays also a decisive role.  
 
In order to understand deeply the mechanism involved in the formation and growth 
of these nanoparticles, the evolution of the morphology and crystallinity of the nanocrystals 
was closely monitored during the course of a synthesis by ex-situ examination with TEM 
of the intermediate-products, extracted from the same synthetic batch at different times.   
 
This extra synthesis was done as follows: a mixture of trioctylamine (25 mL) and 
oleic acid (2.82 mL) was heated up to 180°C using magnetic stirring. Then the precursor 
solution (4 mmol of Co (II) acetate tetrahydrate dissolved in 5 mL of absolute ethanol) was 
added drop by drop and the mixture was kept for 30 min at this temperature in order to let 
the ethanol evaporates. After that, the temperature was increased at the rate of 3°C/min 
until 300°C. During this time, the color of the reaction mixture changes gradually from 
yellow to dark brown as explained in subchapter 5.2.  The system was left for refluxing for 
6 hours at 300°C. Aliquots from the reaction mixture were collected at different times for 
TEM analysis (0 min, 10 min, 30 min, 1 h, 2 h, 3 h, 4 h and 6 h). Series of snapshots of 
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nanostructures from the different extracted aliquots is shown in Figure 5-14 (5-15), together 




Figure 5-14. Growth of octahedral nanoparticles.  Image array of bright-field TEM images and electron 
diffraction patterns of the particles with different reaction duration time. (a 1-3) 0 minutes. (b 1-3) 10 minutes. 
(c 1-3) 30 minutes. (d 1-3) 1 hour. (e 1-3) 2 hour. 
Time TEM image (1) Electron diffraction (2) 
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EL (1)= 38.3 ± 0.3 nm 
 





EL (1)= 48.4 ± 0.2 nm 
 
EL (2)= 25.1 ± 0.4 nm 
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Figure 5-15. Growth of octahedral nanoparticles.  Image array of bright-field TEM images and electron 
diffraction patterns of the particles with different reaction duration time. (f 1-3) 3 hours. (g 1-3) 4 hours. (h 
1-3) 6 hours.  
 
In the early stages, that is, before the thermal decomposition process (0 min, Fig. (a 
1-3)), small precipitates of 10 nm with irregular shapes are formed. The absence of rings in 
the diffraction pattern indicates that they are not crystalline. After 10 min of reaction (Fig. 
(b 1-3)), hundreds of fine nanoparticles aggregate to form larger spherical nanoparticles 
with bimodal distribution of sizes around 49 and 116 nm in diameter. The diffraction pat-
tern indicates the formation of crystallites. At a reaction time of 30 min (Fig. (c 1-3)) na-
noparticles with a preoctahedral shape appear, likely as a consequence of the continuous 
assembly of small crystallites, as clearly seen in Figure 5-16. After 1 hour of reaction (Fig. 
(d 1-3)), an Ostwald ripening process seems to come into play, since bigger particles have 
grown at the expense of smaller ones. 
Time TEM image (1) Electron diffraction (2) 
 





EL (1)= 50.4 ± 0.2 nm 
 






EL (1)= 54.7 ± 0.1 nm 
 





EL (1)= 54.6 ± 0.2 nm 
 
EL (2)= 26.3 ± 0.5 nm 
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Figure 5-16. Bright-field TEM images of cobalt oxide nanoparticles at the intermediate stage of 60 min of 
reaction, showing small crystallites self-assemble into an octahedral-shape.  
 
In the mean time, the relatively high temperature of the reflux (300 °C) can facilitate 
the diffusion of atoms and provide enough thermal energy for the particles to recrystallize, 
leading to the formation of the observed single-crystal octahedra. Nevertheless, the size 
distribution is bimodal and crystalline octahedra with average edge length of around 38 and 
20 nm are formed. Between 1 and 4 hours of reaction, both population of octahedra grow 
up to ~ 55 and 27 nm respectively.  After 6 h of reaction, the growth stop and the octahedron 
attain the final size and shape. For all the intermediate products, their corresponding elec-
tron diffraction patterns suggest the sequential growth and progressive crystallinity perfec-
tion. This growth process resembles the one proposed by Papirer and co-workers who re-
ported a constant number of growing particles during the entire synthetic process [226]. In 
contrast to the other three reported samples of cobalt oxide octahedral with 20, 40 and 85 
nm in average edge length, which possess a relative narrow size distribution, the product 
of the latter synthesis is more polydisperse, which can be explained through a slower for 
the larger particles and faster growth process of the small particles, as suggested by Reiss 
[227].  
 
To put it briefly, these results indicate that the growth of single-crystalline octahedra 
can be attributed to cooperation of two principal mechanisms: oriented aggregation and 
Ostwald ripening. Accordingly, small crystallites aggregate and then, the resulting aggre-
gates fuse into a single crystal, via Ostwald ripening [228, 229]. These results demonstrate 
the importance of the oleic acid in the reaction since it avoids a fast and random aggregation 
of small crystallites and tailor subsequently the morphology according to a certain crystal 
plane for crystal growth. 
 
Paying attention to the general description of synthesis of nanoparticles in solution, 
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the mechanism of formation of the cobalt oxide nanooctahedra is described as follows: the 
main chemical reaction is based on the thermal decomposition of cobalt (II) acetate tetra-
hydrate, used as metal-precursor to provide the –Co–O– “monomer”. When the concentra-
tion of –Co–O– “monomers” reach the supersaturation level, monomers form assembles so 
that nucleation starts. The subsequent growth of these nuclei, which takes place by the ad-
dition of more monomers, is controlled by the present oleic acid molecules in solution, 
ending up with an octahedron-shaped nanoparticles.  
 
However, the structural characterization have shown a core-shell structure with a 
CoO core and Co3O4 shell, pointing to further oxidation of the nanoparticle surface to 
Co3O4 at ambient conditions, which is indeed the most thermodynamically stable phase 
[215]. The surface oxidation of CoO nanoparticles to Co3O4 has been investigated previ-
ously by Soriano et al. [230]. They have shown that the surface of CoO nanoparticles ap-
pears oxidized up to Co3O4 and annealing in ultrahigh vacuum reduces the surface of the 
nanoparticles to the CoO. Chaudret and co-workers monitored the progress of the oxidation 
reaction with temperature [194]. They found out that the CoO rock salt structure remains, 
mainly after heat treatment at 95ºC for 24 hours. However, when the CoO nanoparticles 
were heated at 130ºC for 14 days, the pure spinel oxide Co3O4 is reached. A study by 
Manouchehri et al. have on the other hand demonstrated the result of partial oxidation of 
as-prepared CoO nanoparticles to form CoO-Co3O4 [231]. Similar behavior is observed in 
the present case of CoO-Co3O4 octahedra and thus, a core-shell growth model can be de-
rived, involving an initial growth of CoO clusters mediated by surfactants, which self-as-
semble forming octahedral nanocrystals, and the subsequent formation of Co3O4 shell that 
result from continuing oxidation of pre-formed CoO core at ambient conditions.  
 
Oxidation is a common nanoparticle conversion chemical reaction. Several theories 
explain the oxidation of metals. Among them Cabrera-Mott theory [232, 233, 234, 235, 
236], Wagner theory [237], and the logarithmic rate expression of Jia [238], can be empha-
sized.  Cabrera-Mott theory is the most widely applied theory to explain the oxidation of 
nanoparticles but in principle it is only valid to explain the low-temperature oxidation of a 
thin oxide layer up to ~ 3 nm and relies upon several assumptions that limit its scope.  Be-
yond this initial oxidation and at sufficiently high temperatures, oxidation can also proceed 
according to other diffusion mechanisms. Furthermore, the mechanism of initial oxidation 
does not depend on size, which is actually experimentally observed in the samples herein 
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studied (20, 40 and 85 nm average edge length) since the oxide layer in all the samples has 
the same thickness (~ 2-4 nm).  
 
In the Cabrera-Mott theory, the first stage of oxidation involves adsorption of the 
oxygen molecule on the metal surface. This is considered to involve dissociation and at 
least partial ionization of oxygen followed by the incorporation of oxygen into the metal 
surface. The initial oxidation is completed when a continuous thin layer of stable oxide is 
formed. Then, it is assumed that electrons from the inner region of the nanoparticle can 
rapidly tunnel through the oxide layer to ionize the oxygen at the outer surface.  This ioni-
zation creates a strong electric field across the oxide film, which drives cation diffusion 
outwards. The Cabrera-Mott model predicts that the oxidation to be very fast first to then 
slow down significantly as the oxide layer grows thicker, because the electrical field de-
pends inversely on the layer thickness.  
 
For all mentioned above, Cabrera-Mott theory can be applied here to explain the for-
mation of the Co3O4 shell on the CoO surface forming the CoO-Co3O4 nanocrystals.  The 
oxide-I/oxide-II system can be seen as an analogy of the metal/oxide system (described in 
Cabrera-Mott theory) with differences in terms of the oxidation states of the constituents.  
 
Another structural feature worth to analyze in these nanocrystals is the presence of 
many small voids inside the octahedral nanoparticles and located around a main and cen-
tered cavity (5-10 nm in diameter). To determine unambiguously the reason for the pres-
ence of voids inside the octahedra is out of the scope of this work but nevertheless, some 
notes can be pointed out. Several theories can be applied to describe nanostructural changes 
in nanoparticles that accompany oxidation and the resulting formation of voids inside na-
noparticles. As mentioned, the oxidation conditions and nanoparticle properties (composi-
tion, size, shape) give rise to different regimes of oxidation behavior and determine the 
composition and structure of intermediates and the final product, such as whether voids 
form and how they are arranged.  
 
The Kinkendall effect has been usually used to explain the formation mechanism of 
hollow structures, where the outward diffusion of metal cations from the core is faster than 
the simultaneous inward diffusion of reactive species into the nanoparticles, resulting in 
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void formation [239, 240, 241]. In other words, the void formation is the result of the im-
balance of diffusion rates. This effect was initially described for nanoscale systems by 
Alivisatos et al., whom studied how Co nanoparticles react with oxygen, sulphur, and se-
lenium and the influence of these reactions in particle morphology [242, 243]. In such 
cases, the reaction of colloidal cobalt and molecular sulphur produced similar multiple void 
formation within each nanocrystals as observed herein in the cobalt oxide nanooctahedra, 
and attributed to the low vacancies mobility. Further increase in the temperature and/or 
longer reaction time would lead to coalescence of voids [242]. 
 
Other void formation mechanisms have been suggested [244, 245, 246, 247], such as 
the one by Zhang and co-workers, who proposed a surface-energy-driven mechanism as 
responsible for the formation of hollow iron based nanooctahedra [245]. In the initial stage 
of particle formation, concaved nanooctahedra are formed with high surface-energy faces. 
These octahedra have an average side length of 150 nm and they are composed of many 
small crystallites of 10 nm in diameter. The surface of the sample can be visualized as an 
octahedron with a trigonal pyramid excavated at the center of each fac. They suggested that 
over time and as the reaction proceeds, an inside-out formation process (solid evacuation) 
takes place to reduce their high surface energy. In this process, the inner small crystallites 
dissolve, migrate out, and redeposite on the octahedral frame, leading to the formation of 
hollow octahedral nanostructures with an average edge of 240 nm and flat surfaces. 
 
The galvanic replacement process is an alternative option for producing hollow 
nanostructures. Even though these reactions have been initially limited to the chemical 
transformation of metallic nanostructures [248, 249, 250], galvanic exchange reactions in 
metal oxide nanocrystals have been demonstrated as well [251].  These reactions involve a 
corrosion process that is driven by the difference in the electrochemical potentials of two 
metallic species. In these reactions, metal nanoparticles react with noble metal salts, taking 
advantage of a redox reaction that favors the reduction and deposition of the noble metal 
(alloying) and the oxidation and dissolution of the template metal (dealloying), thus creat-
ing a hollow interior. Notable results have been reported from the Hyeon group [251], who 
demonstrated that a galvanic replacement reaction can occur in oxide nanocrystals too. In-
deed, they have demonstrated that Mn3O4 square prism-shaped nanocrystals can be com-
pletely transformed into hollow γ-Fe2O3 nanocages by using an iron (II) perchlorate solu-
tion.  
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In the case herein studied, we have discarded all the mentioned options but the 
Kirkendall effect, which is considered the cause of the presence of voids in the octahedra. 
 
The small voids mentioned are only present in the samples of 40 and 85 nm in average 
edge length but not in the 20 nm edge length octahedra. The main difference in the synthetic 
procedure of the two first samples compared to the one of the 20 nm average edge length 
octahedral nanoparticles, is the hot-injection issue already described, in which the cobalt 
precursor was injected into the hot mixture solution of solvent and surfactants.  This is the 
key to understand the presence of voids only in the bigger 40 and 85 nm particles, since 
implies that the reaction was completed under a kinetic instead of thermodynamic control, 
so that voids are formed. 
 
In a kinetically controlled process, an organometallic intermediate phase would 
match the premises for creating some kind of porosity using a chemical gradient, because 
according to Smigelkas and Kirkendall solid diffusion in a concentration gradient occurs 
through a vacancy exchange mechanism [252]. Since the diffusion coefficient of the two 
species (the intermediate organometallic compound and the CoO) is different, the net di-
rectional flow of vacancies results in the formation of pores, with the outward diffusion of 
the core material, likely the intermediate organometallic compound trapped during the 
growth process inside the CoO lattice, being faster than the CoO inward diffusion. Like-
wise, this process is slightly thermally activated as well. The creation of atomic vacancies 
by their outward diffusion of the organometallic compound will lead to vacancy clusters 
inside the nanoparticles and due to the limited volume, will eventually condense to form 
small voids. Gösele and co-workers claimed a general fabrication route for hollow 
nanostructures provided that the Kirkendall effect should be generic [253, 254, 255], and 
Dilger et al. reported a similar case for the synthesis of aerogel-like ZnO with organome-
tallic methylzinc methoxyethoxide and ZnO [256]. Mourdikoudis et al. and Chernavskii 
and co-workers also observed the void formation in cobalt oxide supported on cobalt na-
noparticles [221, 257, 258]. 
 
In the whole synthetic process it can be reasonably point out the formation of voids 
once the CoO nanoparticles were formed but before becoming oxidized when exposed to 
atmospheric conditions for adopting the core/shell morphology. 
 
To put it briefly, this section can be summarized as following. Based on the structural 
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and chemical analysis of the samples and taking into consideration many criteria, including 
the reaction synthesis, progress of crystal growth at intermediate stages of the process and 
final attained morphology, the mechanism of formation and growth of these crystals has 
been proposed. The successful control in terms of size and shape of the octahedral nano-
crystals stems directly from the dynamic surface solvation established at this organic – 
inorganic interface at the reaction conditions, which have been modified as compared to 
previous work, in combination with Ostwald ripening process of initially formed crystals. 
The formation of Co3O4 on the nanoparticles surface is described as the result of the partial 
oxidation of CoO at ambient conditions and can be understood in terms of Cabrera-Mott 
theory, while the presence of voids inside the crystals are a consequence of the Kirkendall 
effect. 
 
5.7 Ferromagnetism at room temperature 
 
After cooling, the dispersed particles did not show a tendency to stick on the magnet 
which was used for stirring.  However, when a NdFeB magnet was placed in the surround-
ings (in touch with the sample vial), these nominally antiferromagnetic nanoparticles 
moved in magnetic field gradients at room temperature, indicating their rather ferromag-
netic character well above the magnetic ordering temperatures of both present oxides: CoO 
(with a Néel temperature of TN1 = 291 K) and Co3O4 (TN2 = 40 K). 
 
To study their magnetic response in detail, a superconducting quantum interference 
device (SQUID) magnetometer was used. The data were acquired from dried powders of 
nanoparticles fixed in a gelatin capsule.  
 
Figure 5-17 shows the magnetization curves of the 20, 40, and 85 nm octahedral 
particles as a function of the applied magnetic field recorded at 300 K. The shape of the 
M(H) curves clearly indicates the presence of different magnetic phases. The linear increase 
of the magnetization with increasing field above 1 T, and the unsaturated magnetization at 
magnetic fields up to 5 T are a response of paramagnetic and also antiferromagnetic phases. 
The two present oxides in the nanoparticles, CoO and Co3O4, are expected to give such 
linear field-dependent magnetic response.  But surprisingly, all three samples show an ir-
reversible magnetization point and a well-defined hysteresis at 300 K (see panel (b)), veri-
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fying the ferri- or ferromagnetic response above the magnetic ordering temperatures (par-
amagnetic regime) of CoO and Co3O4. Moreover, based on the chemical synthesis route 
and on preliminary structural and chemical analysis, the presence of metallic cobalt as the 





Figure 5-17. Magnetization of the 20 (black), 40 (red) and 85 nm (blue) samples as a function of the applied 
field at 300 K (a) along with a magnified area around the origin (b and inset in b). 
 
Coercive fields of μ0HC = 370, 290, and 320 mT are measured for 20, 40, and 85 nm 
samples, respectively. The error bar is 10%. The intrinsic magnetization was determined 
by extrapolation of the linear part of the M(H) curve to zero field and the saturation mag-
netization of the samples are 0.165 A·m2/kg (20 nm) 2.4 A·m2/kg (40 nm) and 1.6 A·m2/kg 
(85 nm). For the different samples, the slope of the M(H) curve, that is the mass suscepti-
bility, is the same (8-9·10-7 m3/kg) within the error bar indicating that the contribution of 
the antiferromagnetic and/or paramagnetic phase is size independent. It is seen that the 
room temperature saturation magnetization as well as the coercive field do not increase 
along with average particle size.   
 
The nonmonotonous values of coercive field as increasing size can stem from the 
different contributions of magnetic anisotropy present in these nanocrystals (Eq. 2-5), such 
as surface anisotropy (changing monotonously) and magnetostriction effects (changing 
nonmonotonously), which vary with the octahedron average edge length. With increasing 
size, the configuration of magnetic domains as well as the domain reversal mechanism, 
which determine the effective coercive field, can change in the nanocrystals and thus cannot 
be predicted by simple arguments. Similar nonmonotonic behavior is observed in this PhD 
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thesis, in the study of FeCo nanowires (chapter 3), where theoretical simulations were ac-
complished in the literature to predict the domain reversal mechanism. The nonmonotonic 
change determination of this magnetic response with particle size is out of the scope of this 
thesis.  
 
Another clear evidence for the room temperature ferromagnetic response of the sam-
ples is provided by the zero-field cooled (ZFC) and the field-cooled (FC) magnetization as 




Figure 5-18. Temperature dependence of ZFC-FC (blue-red) magnetization of the 20 nm (left) and 40 nm 
(right) samples.  The measuring and cooling field is 10 mT. 
 
For the ZFC measurements, the sample was cooled without an external magnetic field 
from 370 to 5 K, then a magnetic field of 10 mT was applied and the magnetization of the 
sample was measured with increasing temperature. For FC measurements, the sample was 
cooled in a magnetic field of 10 mT from 370 to 5 K, and then the magnetization was 
measured at 10 mT with increasing temperature. A distinct difference between ZFC and 
FC magnetization is observed in the whole measured temperature range, which is a char-
acteristic feature of the presence of a ferromagnetic phase in the system. No evidence for 
superparamagnetism such as a maximum in the temperature dependence of the magnetiza-
tion is observed when measured in a low field of 10 mT.  
 
Nevertheless, the temperature dependence of the high-field susceptibility (Figure 
5-19), determined by the slope of M(H) curves, in fields between 2 and 3 T shows a char-
acteristic maximum at T = 285 K (indicated in the graph by a vertical grey dotted line), 
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really close to the Néel temperature of bulk CoO for all three samples, although shifted to 
lower values when decreasing the average particle size.  These differences can be justified 
considering the different surface/volume ratio of the samples and hence the role of the sur-
face. These temperature dependent magnetic data confirm the presence of the antiferro-
magnetic CoO and no obvious maxima near the Néel temperature of Co3O4 (TN2 = 40 K) 




Figure 5-19. Temperature dependence of the high-field magnetic mass susceptibility of the 20, 40 and 85 nm 
sample. The three samples shows a characteristic maximum at T ~ 285 K (dashed line helps for the eye). The 




Figure 5-20. ZFC (blue) and FC (red) hysteresis loops of 40 nm sample at 5K. For the FC hysteresis loop, 
the sample was cooled in a magnetic field of 2 T. 
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Another unambiguous proof for the existence of an interface between a ferromagnetic 
and antiferromagnetic components is the observation of an exchange bias field HEB at lower 
temperatures seen as the horizontal and vertical shift of the hysteresis curves after field 
cooling (FC) compared to the ZFC loop (Figure 5-20), along with the coercive field en-
hancement. This unidirectional anisotropy arise from interfacial magnetic moment pinned 
between antiferromagnetic and ferromagnetic components.  
 
 
Figure 5-21. Temperature dependence of coercive field (FC) and exchange bias field of the 40 nm sample. 
For the FC hysteresis loop, the sample was cooled in a magnetic field of 2 T. 
 
To trace the exchange bias effect, several hysteresis curves were measured at differ-
ent temperatures and the temperature dependence of the coercive field and exchange bias 
field was evaluated. Figure 5-21 shows the temperature dependence of the coercive field 
and exchange bias field for the 40 nm sample. The temperature-dependence of the exchange 
bias field (red) shows that the exchange bias is prominent at temperatures at least 100 K 
and vanishes above the Néel temperature of CoO (TN1 = 291 K), while the coercive field is 
still larger than about 30 mT. Therefore, it is reasonable to suggest that the ferromagnetic 
component is adjacent to the CoO core forming a ferromagnetic-antiferromagnetic inter-
face. 
 
The coercive field dependence shows a maximum near or below T = 50 K in all the 
three cases, fairly close to the Néel temperature of Co3O4. Larger coercive fields are exhib-
ited by the 20 nm average edge octahedral, compared to the 40 nm and 85 nm samples 
likely due to the increased surface-to-volume ratio as decreasing size. 
 
The reduced mass normalized saturation magnetization MS measured for the 40 nm 
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octahedra (2.60 Am2/kg at 300 K) in comparison to the 85 nm octahedra (1.58 Am2/kg at 
300 K) indicates that a surface or interface contribution is the origin the ferromagnetic re-
sponse.  
 
The origin of a ferromagnetic response in a temperature range where the two constit-
uents bulk phases are paramagnetic is not understood yet. 
 
Néel in 1961 suggested that small antiferromagnetic nanoparticles should exhibit su-
perparamagnetism or weak ferromagnetism [259]. He proposed a model for antiferromag-
netic nanoparticles based on the presence of two sublattices, one with spins up and another 
with spins down at the surface. Any imbalance in the number of spins at the surface is the 
origin of a net magnetic moment in “antiferromagnetic” nanoparticles below the ordering 
temperatures. Naturally, the magnetic behavior of CoO nanoparticles was widely studied 
in the next half a century but the origin of room temperature ferromagnetic response for the 
CoO nanostructures still controversial.   Indeed, since then large magnetic moment in anti-
ferromagnetic nanoparticles have been observed [260, 261, 262, 263].  However, it also 
exhibits anomalous magnetic properties such as large coercivities and loop shifts up to sev-
eral tens of mT. This behavior is difficult to understand in terms of 2-sublattice antiferro-
magnetic ordering which is accepted for bulk materials. According to Kodama et al. [264], 
the reduced coordination of the surface spins in nanoparticles might result in a stabilization 
of multi-sublattice configurations with respect to the classical 2-sublattice one. These ad-
ditional sublattices disturb the otherwise compensated antiferromagnetic bulk structure and 
lead to numerous effects including hysteresis and shift of hysteresis loops [264]. 
 
However and in most cases, researchers impute the presence of ferromagnetism to 
the existence of uncompensated surface spins on the nanoparticle surface [265, 200, 184, 
186]. Wdowik et al. have stated that cation vacancies can account for the ferromagnetic 
properties of CoO based on first principle calculations [266]. Dutta et al. studied the ferro-
magnetic property of pure CoO nanoparticles after annealing the precursor under nitrogen 
atmosphere and they attributed the present of ferromagnetism to anionic vacancies uncom-
pensated surface spins [267].  Moreover, Yang and co-workers also support that the ferro-
magnetism of vacuum-annealed CoO nanoparticles is due to oxygen vacancies at the sur-
face and the ferromagnetic response intensity is proportional to the concentration of oxygen 
vacancies [268]. Following this line, the uncompensated magnetic moments in the  4 nm 
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thick antiferromagnetic Co3O4 surface layer could be assumed as a likely source of the 
observed ferromagnetism but the CoO-Co3O4 core-shell nanooctahedra possess a hetero-
interface between these two phases. Thus, the origin of a quasi-two-dimensional long-range 
ferromagnetic order persisting in a temperature range where the antiferromagnetic CoO and 
Co3O4 bulk phases are paramagnetic is not explained by these statements. 
 
The interesting question arises if ferromagnetic order can be stabilized between two 
simple antiferromagnets like CoO and Co3O4, both of which are antiferromagnets with or-
dering temperatures of 291 K [269] and 40K [270], respectively. Interestingly, a lamellar 
ferromagnetic order at intergrowths of antiferromagnetic hematite (Fe2O3) and para/anti-
ferromagnetic ilmenite (FeTiO3) has been reported [271, 272]. In the later references, the 
charge imbalance at the interface between two oxides (often accompanied by local distor-
tions) can induce charge transfer processes and change the bond-angles between ions, 
which causes the ferromagnetic response. These effects modify the competing ferromag-
netic and antiferromagnetic interactions (superexchange and double exchange) in antifer-
romagnets as described by the so called Goodenough-Kanamori-Anderson rules [273]. 
 
To put light in this fact and by making use of the geometrical relationship between 
the rock salt-spinel crystal structures and the octahedral morphology, the expected magnet-
ization of ferromagnetic single and double surface or interface layer of Co2+ ions have been 
calculated for the sample of 40 nm octahedrons. The calculated and experimental saturation 
magnetization values are in good agreement for the single layer approach, confirming that 
the ferromagnetism is associated with the interface [274]. 
 
 
Figure 5-22. Sketch of a well-defined regular octahedron with highly symmetrical shape and sharp edges as 
well as smooth surfaces limited by {111} facets (purple). They are composed of several tens nm-sized CoO 
core and 2-4 nm thick Co3O4 shell in contact by an interface (orange).  
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Thus, the detailed interfacial structure is of particular interest in order to clarify even 
further the origin of the ferromagnetism. The exact atomically identified interface is diffi-
cult to obtain partly due to the intricate HRTEM imaging formation that is highly depending 
on focus and aberration parameters, and partly due to the core-shell structure of overlapping 





Figure 5-23. (a) Atom-column-resolved STEM-HAADF image of a single octahedral cobalt oxide nanocrystal 
edge. The core region (A) and the shell region (B) exhibit contrast characteristic of [1-10]-oriented CoO and 
Co3O4 respectively. (b) Enlargement of the interfacial area. (c) Measured (111) lattice plane spacings as a 
function of spacing number near the interface. ‘‘d0’’ denotes the spacing indicated by the dashed line in b.  
(d) Atomic model showing an epitaxial (111) interface structures between CoO and Co3O4 viewed along 
[110]. A (111)-type common plane of oxygen ions is indicated by a dashed line. The unit cells of [110]-
oriented CoO and Co3O4 are outlined by solid boxes. The interfacial oxygen plane is connected to octahedral 
Co3+ ions in Co3O4 and to octahedral Co2+ ions in CoO. The interfacial Co-O configurations are shown in 
the form of Co-O polyhedra. 
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Nevertheless, one can approximate the interface with the change in lattice patterns 
measuring the intensity variation in high resolution HAADF images (Figure 5-23 (a) and 
(b)). The rectangular a-b area shown in Figure 5-23 (b) was selected for intensity profile 
analysis and indicates a clear intensity variation that reflects structure and chemistry dif-
ferences across the interface boundaries. By using the CoO core as a reference, the varia-
tions of the (111) plane lattice spacing in the CoO-Co3O4 have been measured (Figure 5-23 
(c)). The measurements revealed a progressive decrease in lattice spacing from the core to 
the surface by such as 8%, suggesting the presence of large strain in the interface region. 
The Co3O4 plane spacing is bulk-like and stays unchanged (235 pm) [208]. In other words, 
the CoO spacing is strongly compressed at the interface and relaxes towards the core within 
three to four layers compared to its respective bulk value.  
 
Based on the obtained detailed atomistic information provided from the thorough 
TEM analysis concerning the epitaxial formation of (111) Co3O4 shell on CoO, the atomic 
structure of the CoO-Co3O4 (111) interface was reconstructed as shown in Figure 5-23 (d).   
 
Density functional theory calculations with an on-site Coulomb repulsion parameter 
were performed to calculate the lattice spacing at the interface of both oxides. Even though 
this work is out of the scope of this thesis, it is worth to mention the main conclusions (see 
ref. [274]). It was suggested that it is possible to achieve long-range ferromagnetic order 
with a high Curie temperature when the Co2+ cations occupying the octahedral sites couple 
with the Co2+ cations occupying the tetrahedral sites on both sides of the epitaxial interface. 
In other words, occurrence of magnetic order even above the high Néel temperature of the 
antiferromagnets can be attributed to the charge transfer process of Co3+ to Co2+ at the (111) 
CoO-Co3O4 interface, which modify the relative strengths of the inherent ferromagnetic 




5.8 Conclusions  
 
A new synthetic procedure has been develop to synthesize CoO-Co3O4 core-shell 
polyhedra. On the basis of all the morphological, chemical and structural information, the 
particles are indeed well-defined regular octahedral with highly symmetrical shape and ex-
hibit sharp edges as well as smooth surfaces limited by {111} facets. They are composed 
of several tens nm-sized CoO core and 2-4 nm thick Co3O4 shell. A core-shell growth model 
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has been proposed, which involves an initial nucleation of CoO clusters, subsequent growth 
mediated by the oleic acid capping agent and final rearrangement to reach the octahedral 
shape, which then become oxidized to Co3O4 when exposed to the atmosphere. A long 
range ferromagnetic response was observed in all the samples up to 400 K, which was 
attributed to the interface between the crystalline  4 nm thick spinel-type Co3O4 surface 
layer and the crystalline CoO (rock salt structure). It was proven that the epitaxial interface 
forms at the eight (111) facets is heavily strained, and it was suggested that a charge transfer 
process (partial reduction) of Co3+ to Co2+ at the CoO-Co3O4 interface is the origin of the 
experimentally observed ferromagnetic phase. Finally, due to the attained morphology, 
these nanoparticles could be good candidates as anode materials in lithium-ion batteries or 














6 General conclusions 
 
 
In the course of this dissertation, new cobalt-based magnetic nanostructures have 
been synthesized to improve their performance. In chapter 3 and 4, two different systems 
have been studied in detail for the enhanced performance of rare-earth-free permanent mag-
nets based on 3d metal nanowires. For a higher magnetic energy product, the materials and 
growth modes have been designed to reach a high effective magnetic anisotropy energy 
density. This goal is reached by exploiting the shape anisotropy of highly elongated 
nanostructures and aligning the easy axis determined by the magnetocrystalline and the 
exchange anisotropy parallel to the wire axis. 
 
This novel approach for magnetic hardening was successfully applied to Fe30Co70 
nanowires electroplated in an anodic aluminum oxide template. It turned out that the partial 
removal of the template leads to surface oxidized tips. This ferrimagnetic FeCo oxide layer  
suppresses the vortex formation and domain wall nucleation at the tips, leading to an in-
crease of the coercive field (up to 20% at T=10 K). In agreement with micromagnetic sim-
ulations, these findings experimentally confirm that the magnetization reversal in magnetic 
nanowires, even with large aspect ratios, occur through nucleation at the tip and domain 
wall propagation. Interestingly, the coercive field does not rise when only one tip of the 
nanowires is coated with ferri- or antiferromagnets, verifying that a domain wall nucleates 
at the magnetically weaker tip. Both tips of the magnetic nanowires must be covered with 
an antiferromagnet material for an effective growth of the energy product.  
 
In the second study, Co80Ni20 nanorods with average length of 53 nm and diameter 
of 7 nm were successfully prepared to judge their potential in permanent magnet applica-
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tions. The stoichiometry has been chosen to exploit the highest magnetocrystalline anisot-
ropy among the 3d-elements, the still large magnetization at low Ni content, and the good 
long-term stability of CoNi alloys. The rods possess a core-shell morphology consisting of 
a metallic hcp CoNi core and a fcc Co-rich oxide shell (1-2 nm thick). This shell has grown 
epitaxially on the surface of the metallic core by natural oxidation, forming a passivating 
layer. 
 
The related crystallographic growth between the ferromagnetic core and the antifer-
romagnet shell has a strong impact on the magnetic properties. An infrequent temperature 
dependence of the surprisingly high coercive field (µ0HC = 0.3 T at T = 5 K) is observed. 
After monotonous decreases, the coercive field increases again at the intermediate temper-
ature range (175 K < T < 250 K) and reaches a local maximum at 250 K. This behaviour 
has only been observed in systems with a directed oxide growth and clearly reflects the 
high structural quality of the prepared nanorods. Its origin is the relative (mis)alignment of 
the ferromagnetic and antiferromagnetic spins at the interface that decreases with increas-
ing temperature and vanishes above the superparamagnetic blocking temperature of the 
shell grains. These results prove that a strong magnetic hardening is promoted by exchange 
anisotropy due to the alignment of anisotropy axes of the ferromagnetic core and the anti-
ferromagnetic shell. 
 
In comparison with a previous study on Co/CoO core-shell rods, the admixture of Ni 
to the system shifts the Néel temperature of the antiferromagnet by nearly 100 K, close to 
ambient temperature. Thus, this strategy demonstrates that the admixture of Ni to pure Co 
nanorods, not only improves the corrosion resistance but also enhances the critical temper-
ature close to ambient temperature. Further fine tuning would lead to nanorods with opti-
mized properties at 300 K.  
 
In chapter 5, cobalt oxide nanoparticles have been studied for considering them as 
good anode materials in lithium-ion batteries, gas sensors, or catalysts in methane combus-
tion reactions. A new synthetic procedure has been developed to master the magnetic prop-
erties of cobalt oxide nanocrystals. The precise control of the synthesis parameters leads to 
CoO-Co3O4 core-shell nanoparticles with highly symmetrical octahedral shape terminated 
by {111} facets. This study illustrates that the precise control of the synthesis parameters 
in colloidal chemistry can lead to well-defined morphologies with sharp edges and nearly 
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atomically flat surfaces, what is essential for ultimate applications. 
 
These nanocrystals are composed of a CoO core of several tens of nm and a 2-4 nm 
thick Co3O4 shell. Interestingly, the interface between these two oxides is heavily strained 
and gives rise to a long-range ferromagnetic order at the interface up to at least 400 K, well 
above the antiferromagnetic ordering temperature of both oxides. This unusual behaviour 
is attributed to the charge transfer process (partial reduction) of Co3+ to Co2+ at the (111) 
CoO-Co3O4 interface, which modifies the relative strengths of the inherent ferromagnetic 
double exchange and antiferromagnetic superexchange. This research illustrates the poten-

















Appendix I: Alignment of CoNi rods  
 
 
The magnetic properties of Co80Ni20 nanorods as powdered sample have been de-
scribed in section 4.5. Although the main focus is the structural and magnetic characteriza-
tion of the anisotropic nanoparticles, an extra effort was carried out to align these nanorods 
in a matrix. The aim in this kind of experiment is to study if the magnetic properties can be 
optimized by aligning these rods in a composite material, in a way to study potential appli-
cations using them as building units in rare-earth free bonded magnets [275]. A higher 
magnetic ordering is caused by the dipole-dipole interaction between the individual rods 
[276], and the process of alignment as well as the magnetic properties attained in these 
ensembles, are briefly discussed in this appendix.  
 
Two different approaches were carried out in order to form aligned Co80Ni20 nano-
rods ensembles: two- and three-dimensional alignment. In both cases, the alignment of the 
magnetic nanoobjects was induced by the application of a homogeneous magnetic field 
[277], which causes the interaction of every individual nanorod dipole moment. 
 
In the two-dimensional approach, the nanorods have been aligned on 4 x 4 mm boron-
doped silicon substrates by magnetophoretic deposition [150, 151]. The field was generated 
by an electromagnet applying a uniform magnetic field of 1.2 T. Different process param-
eters have been optimized, including the type of substrates, field strength, concentration of 
the particle solution, type of solvent as well as the amount of solution dropped on the sub-
strate. For further details, see [278]. Figure 7-1 (a) shows a SEM image of Co80Ni20 nano-
rods, aligned on a silicon substrate by magnetophoretic deposition.  It can be seen that the 
nanorods align along the applied magnetic field direction to a great extent. Panel (b) shows 
a bright-field TEM image of the CoNi nanorods sample deposited on a carbon coated TEM 
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Figure 7-1. (a) SEM image of nanorods on a silicon substrate after magnetophoretic deposition. It can be 
seen that the nanorods align along the applied field direction to a great extent (marked in red). (b) Bright-
field TEM image of aligned nanorods deposited on a carbon coated TEM grid under similar experimental 
conditions. 
 
To obtain a three-dimensional aligned nanorods assembly, the rods have been aligned 
in an organic matrix inside a gelatin capsule. Tetracosane was chosen as a matrix because 
of the long alkane hydrocarbon with the structural formula of C24H50 and the low melting 
point of about 50°C. To align the nanorods, a small fraction of the colloidal solution is 
mixed with liquid tetracosane in the gelatin capsule. The sample is then introduced in a 
SQUID magnetometer and the temperature was rise up to 75°C to melt the tetracosane. 
Afterwards, an applied magnetic field of 5 T was applied to align the nanorods in the matrix 
and the temperature decreased progressively while keeping the magnetic field constant. 
Tetracosane recrystallizes as a brittle white solid that presumably contains aligned rods in 
its interior.  
 
The magnetic properties of both samples were characterized by SQUID magnetom-
etry. The ZFC hysteresis curve (T = 10 K) of aligned CoNi rods on silicon substrate (two-
dimensional nanocomposite) is shown in Figure 7-2. The external magnetic field was ap-
plied in-plane and in the same direction of the applied magnetic field during alignment 
process, thus corresponding with the nanorods easy axis. The diamagnetic signal from the 
Si substrates is subtracted. A coercive field of 230 mT is found at 10 K and the Mr/Ms ratio 
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Figure 7-2. ZFC hysteresis loop of CoNi nanorods aligned on a silicon substrate acquired at 10K. The exter-
nal magnetic field was applied in-plane and in the same direction of the applied magnetic field during align-
ment process, thus corresponding with the nanorods easy axis. The diamagnetic signals from the Si substrates 
is subtracted. 
 
The direct comparison of the normalized ZFC magnetization curves of aligned parti-
cles in the tetracosane matrix (three-dimensional ensemble) and the powder sample at 300 
K is shown in Figure 7-3. The nanorods are three-dimensionally aligned in tetracosane and 
measured parallel to the applied field in the SQUID magnetometer. The diamagnetic signal 





Figure 7-3. Comparison of the normalized ZFC magnetization curves of the aligned nanorods in the tetraco-
sane matrix (red) and the powder sample (black) at 300 K. The coercive field of the aligned particles in the 
matrix is 2.5 times larger than the corresponding in the powder, where the rods are randomly oriented. The 
remanence in the composite is also nearly 1.5 times larger compared to the powder sample.  
142  Appendix 
The magnetic properties of the three samples are compared, that is the powder sam-
ple, the CoNi nanorods aligned on a silicon substrate (2D alignment) and the rods aligned 
in tetracosane matrix (3D alignment). The coercive field and Mr/Ms ratio obtained from 
the ZFC hysteresis curves at 5 and 300 K are listen in Table 7-1. 
 
 
Table 7-1. Characteristic parameters of the ZFC hysteresis curves acquired at 5 K and 300 K of the powder 
sample, the CoNi nanorods aligned on a silicon substrate (2D alignment) and the rods aligned in tetracosane 
matrix (3D alignment). Listed are the coercive field (μ0Hc) and the remanence to saturation magnetization 










Powder 0.24 0.17 0.38 0.10 
2D alignment 0.58 0.23 - - 
3D alignment 0.38 0.30 0.54 0.24 
 
 
The Mr/Ms ratio is an indication of the alignment degree. The larger the ratio is, the 
more particles are parallel to each other in the matrix and also aligned parallel to the applied 
magnetic field of the magnetometer. When comparing the Mr/Ms ratio of the three samples 
at 5 K, the value increases more than double in the 2D alignment (Mr/Ms=0.58) compared 
to the powder sample (Mr/Ms=0.24). The Mr/Ms ratio also increases in the 3D alignment 
but only reaching a value of 0.38, which indicates that the alignment of the rods on the 
substrates was more successful that in the tetracosane matrix. This might be explained con-
sidering a process of agglomeration of nanorods in certain areas of the tetracosane matrix, 
on which consequently the degree of relative alignment is partially lost.  A detailed analysis 
of the order in the matrix could be carried out by means of transmission electron micros-
copy. Here, however, the sample preparation for TEM investigations was not possible due 
to the brittle behavior of the tetracosane matrix. For further investigation, polymethylmet-
acrylate polymer may become a suitable matrix, due to its great stability and easy handling. 
Moreover, at both temperatures, the coercive field of the aligned nanorods on the substrate 
as well as in the tetracosane matrix is bigger than that of the powder sample (see values in 
Figure 7-1), due to dipolar interactions between the rods.  
 
In summary, the alignment of nanorods either in two- or three-dimensional geometry 
improves the magnetic properties (higher coercive field and Mr/Ms ratio) of the sample, 
which is desired for potential permanent magnet applications. To optimize the system for 
ultimate applications, further optimization needs to be done.
    
Appendix II: Iron cubes 
 
Iron oxide nanoparticles have attracted tremendous attention in the last decades due 
to the widely use as catalysts [279], for the treatment of waste water [280], hyperthermia 
mediators [281] and contrast agents [282]. 
 
As explained in section 2.2, the shape of the nanoparticles can have a huge effect on 
the final properties they can display. Therefore, special attention can be paid to fabrication 
of nanosystems with concave surface and consequent negative curvature and/or high-index 
surface structures, that are proven to have enhanced catalytic performance [283]. The 
intrinsic high surface energy renders rather difficult the growth of these nanostructures and 
consequently, only few cases have been reported and actually rather limited to metallic 
systems. Recently manganese ferrite concaved structures have been obtained with a fairly 
good catalytic performance [284]. Thus, the presence of high index facets in iron oxides 
nanoparticles could possibly improve the catalytic perfomance of these crystals. For that 
reason, novel shaped iron oxide nanoparticles have been synthesized and the results are 
briefly discussed in this appendix. 
 
Iron oxide magnetite nanocrystals were synthesized according to a modified proce-
dure to produce cubes developed by Hyeon and co-workers [285], consisting in the thermal 
decomposition of an iron stearate precursor in the presence of oleic acid and sodium oleate. 
The introduced modifications in the synthesis method permit to attain different morpholo-
gies. Iron oxide cubic nanoparticles, with the cubes truncated at the apexes 
(rombicubooctahedrons) or with eight pods grown from the apexes in the <111> directions 
(concave cubes) were obtained. Figure 7-4 shows bright field TEM images of both samples. 
 
As an example of the work that has been done with these nanocrystals, the structural 
and magnetic properties of the concaved cubes are summarized in the following.  
 
Figure 7-5 includes the TEM analysis of this type of nanoparticles. Figure 7-5 (a) 
includes a bright-field TEM image of the concaved cubic iron oxide nanoparticle offering 
an overview of size and shape.  Figure 7-5 (b) includes a HAADF-TEM image showing the 
presence of small hollow cavities randomly oriented inside the nanocrystals. Figure 7-5 (c) 
includes a TEM image of one of these nanoparticles with a sketch that corresponds to the 
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projection scheme of a cube model in the same orientation (close to the [111] zone axis) 
and showing consequently an almost hexagonal shape. Figure 7-5 (d) includes a HRTEM 
image of the edges of a cube, showing the {001} facet (indicated by the dotted line) with 




Figure 7-4. Bright field TEM micrographs of iron oxide concave cubes (a) and cuboctahedrons (b). Note the 
different scale bars. Insets depict schematics representations of the three-dimensional nanoparticles shapes 




Figure 7-5. TEM images of the spiked cubic-shaped iron oxide nanoparticles (a), HAADF-STEM image 
showing voids distributed all over the cubic core of the nanoparticles (b), a cube-shaped nanoparticle close 
to the [111] zone axis orientation showing an almost hexagonal shape and a pod growing in each corner (c), 
the inset depicts thee approximated position of the cube, and (d) HRTEM image of the corner of a cube 
showing the {001} facet as the nearby average face of the magnetite cube (inset: FT that demonstrates a 
[100] zone axis with the (004) planes parallel to the cube edge) and the (022) planes of magnetite. 
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XRD pattern of these nanoparticles in powder (not shown) reflects the presence of 
different phases of iron oxides such as magnetite, maghemite and even hematite. 
 
Magnetic measurements were performed on a powder sample using a SQUID mag-
netometry. Figure 7-6 shows the hysteresis curves of the concave cubic-shaped nanoparti-
cles at two different temperatures, 5 K and 300 K. The hysteresis loops show two main 
contributions, one responsible for the large magnetization values and open hysteresis due 
to the ferromagnetic magnetite, and a second linear contribution antiferromagnetic respon-
sible for the non-saturation of the magnetization at high field values. 
 
 
Figure 7-6. (a) M-H hysteresis loops of the concave cubic-shaped nanoparticles recorded at 5 and 300 K. 
Inset shows the magnification around zero field. The sample was carefully demagnetized before cooling to 
5K. 
 
Another indication of the anti(para)magnetic phase is seen in Figure 7-7, which 
shows the comparison of the ZFC and FC hysteresis loops at 5 K. The FC loop is shifted 
to the left and not symmetric with respect to the origin, indicating the exchange bias effect. 
To elucidate the origin of the ferri/antiferromagnetic interface that gives rise to the ex-
change bias effect at low temperatures, further structural and magnetic characterization is 
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Figure 7-7. Comparison of the ZFC and FC hysteresis curves of concave cubic nanocrystals acquired at 5K. 
The magnetic field applied while cooling for the FC measurement was 4.5 T. The FC hysteresis has larger 





    
Appendix III: Ferrites for hyperthermia 
 
Since magnetic nanoparticles can be easily conjugated with biologically important 
constituents such as DNA, peptides, and antibodies, it is possible to construct versatile 
nano-bio hybrids particles, which simultaneously possess magnetic and biological func-
tions for biomedical diagnostics and therapeutics. In this context, magnetic nanoparticles 
are of immerse current interest because of their possible use as hyperthermia carriers for 
killing carcinomas or metastatic sarcomas. 
 
 Magnetic particle hyperthermia is an anti-cancer therapeutical scheme able to deliver 
severe thermal shocks to targeted cancer sites. In an external AC magnetic field magnetic 
nanoparticles produce heat via mechanisms strongly interconnected with their morpholog-
ical, structural and magnetic profile. In addition to the established usage of iron oxide mag-
netic nanoparticles in biomedicine spinel ferrites are nowadays proposed as alternatives for 
magnetic particle hyperthermia mediators, MRI contrast agents or drug carriers [286].  
 
In an attempt to combine hard with soft magnetic features and simultaneously intro-
duce biocompatibility, two alternative synthetic procedures were followed, each one com-
prising two stages. The first synthetic procedure initiated by Co-ferrite or Mn-ferrite nano-
particles followed a typical thermal decomposition route in an organic environment result-
ing in typical sizes < 10 nm. At a second stage, magnetite synthesis was attempted, using 
Co-ferrite or Mn-ferrite as seeds, resulting in nanoparticles of < 15 nm in diameter. The 
goal was to form a Fe3O4 shell around the intrinsically toxic ferrite nanoparticles, providing 
internal nanoscale magnetic interfaces and suitable biocompatible coverage as well. A sec-
ond independent synthetic procedure based on the aqueous co-precipitation of proper salts 
was also attempted to obtain similar mixed ferrite systems with an additional biocompatible 
shell of citric acid.  
 
Structural and morphological features were revealed by XRD and TEM studies while 
EDX mapping unraveled the stoichiometry of the nanoparticle (see Figure 7-8). SQUID 
magnetometry indicated that mixed ferrite systems have significant coercive field and high 
magnetization values, appearing as the result of the exchange interaction between a mag-
netically “harder” with a magnetically “softer” phase at the intra-particle interface (Figure 
7-9). These features are readily seen also in magnetic particle hyperthermia experiments 
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Figure 7-8. TEM images of single (a) and magnetite-coated MnFe2O4 (b) nanoparticles. Corresponding im-
ages for single (c) and magnetite-coated CoFe2O4 (d) nanoparticles. Insets show high-resolution images of 
individual nanoparticles. 
 
Summarizing, magnetically-coupled core-shell ferrite nanoparticles with improved 
heating efficiency while maintaining a less toxic behavior for biological systems were pro-
duced. This latter reason of reducing the cytotoxicity of the nanopraticles led us to use 
magnetite was used as a coating layer onto spherical MnFe2O4 and CoFe2O4 nanoparticles, 
introducing simultaneously high heating performance and biocompatibility. The core-shell 
nanoparticles were synthesized in a two-step synthetic route to study the effect of interface 
coupling in exchange anisotropy and the potential to work as efficient magnetic hyperther-
mia mediators. 
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Figure 7-9. Magnetic hysteresis loops of single (a) and magnetite-coated (c) MnFe2O4 nanoparticles, single 
(b) and magnetite-coated (d) CoFe2O4 nanoparticles at 4 and 300 K. Corresponding ZFC-FC curves under 




Figure 7-10. SLP values for the studied samples in comparison to hysteresis losses estimated by minor loops. 
Calorimetric measurements were performed in 4 mg/mL particle dispersions under a 300 Oe AC field at 210 
and 765 kHz. 
    
Appendix IV: FeMn nanoparticles 
 
CoNi nanorods were thought as appropriate building blocks for bonded magnets.  
However, the increase in coercive field due to the exchange bias effect is limited to a very 
low temperature range. Since for ultimate applications, it is desirable to have permanent 
magnets working at room temperature (or higher), one strategy to increase the coercive 
field of a ferromagnetic material is to deposit on the surface an antiferromagnet, that pin 
the magnetic moment at the interface, causing the coercive field to increase. Following this 
idea and in order to increase the coercive field of the Co80Ni20 nanorods even further, an 
antiferromagnet can be placed on their outer surface.  
 
In order to obtain such a combination of magnetic materials, that is, aligned CoNi 
nanorods embedded in an antiferromagnetic three-dimensional matrix, the following strat-
egy was proposed. Antiferromagnetic nanoparticles can indeed be prepared and mixed with 
the CoNi rods, such that the nanoparticle mixture will be introduced in a furnace, for com-
paction and annealing of the ferro/antiferromagnetic composite. Prior to this, the CoNi na-
norods should be aligned by a high magnetic field in the presence of a reducing atmosphere 
(to reduce the oxidized layer of the rods), otherwise the direct ferro/antiferromagnetic in-
terface will not be formed. In such a way, a three dimensional arrangement of aligned CoNi 
nanorods embedded in an antiferromagnetic matrix will be obtained. 
 
With this objective in mind, the FeMn alloy was chosen for the production of the 
antiferromagnetic nanoparticles, since being an antiferromagnetic material with a high Néel 
temperature (above room temperature) and high magnetocrystalline anisotropy. However, 
due to the high chemical reactivity of Mn, the fabrication of FeMn nanoparticles by wet-
chemistry methods or electrodeposition is extremely difficult. The laser ablation method 
offers the possibility of fabricating novel nanostructures with metastable phases and shapes, 
which could not be achieved by any other technique. Thus, this technique was selected for 
producing Fe50Mn50 nanoparticles.  
 
After the synthesis of these nanoparticles by laser ablation of a commercial FeMn 
target in tetrahydrofuran, detailed structural and chemical characterization was performed. 
 
The bright-field TEM micrographs of Fe-Mn nanoparticles acquired at two different 
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magnifications are presented in Figure 7-11. These images demonstrate a broad size distri-
bution (panel a) and a core-shell structure (panel b). Moreover, TEM analysis reveals a 
non-homogeneous inter- and intra-particle element distribution. Accordingly, from the 
structural point of view, the sample consists of two fractions, one consisting of small par-
ticles of manganese monoxide and another fraction consisting of larger particles with the 
Fe-Mn alloy core and FeMn2O4 oxide shell. The latter fraction constitutes 92 % of sample 




Figure 7-11. (a) Bright-field TEM micrograph of FeMn particles with a large size distribution. (b) High- 
resolution TEM image of a Fe-Mn nanoparticle showing a clear crystalline core-shell structure. 
 
Magnetic hysteresis loops of the FeMn nanoparticles as dried powder were measured 
in the temperature range of 5-300 K in external fields up to 4.5 T. Figure 7-12 shows hys-
teresis loops measured at different temperatures.  
 
 
Figure 7-12. Hysteresis loops at different temperatures. Inset: magnification around zero field. 
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Though the FeMn nanoparticles show a ferromagnetic response even at 300 K, but 
with a rather low magnetization, since it is an antiferromagnetic phase, possible reasons to 
explain such ferromagnetic signal must be investigated. These reasons may be related to 
stoichiometry changes, demixing of FeMn, elemental segregation and oxidized shell    
FeMnOx. In view of all that, one can assume that the observed magnetic behavior of these 
nanoparticles can be predominantly governed by the ferromagnetic FeMn2O4 oxide shell 
phase. 
 
Summarizing, the detailed structural and chemical characterization reveal the pres-
ence of an inverted antiferromagnetic/ferromagnetic core/shell FeMn/FeMn2O4 nanoparti-
cles. These type of structures are becoming the subject of increasing interest due to the 
related exchange bias properties, that are superior compared to the classical core/shell struc-
ture (ferro/antiferromagnet) due to the higher crystallinity of the antiferromagnetic compo-
nent for being at the core. 
 
The FeMn nanoparticles by themselves became an interesting subject of research and 
several synthesis parameters are being currently studied to optimize the properties of these 
nanocrystals.  Thus, the scientific effort was shifted to understand deeply the structural and 
magnetic properties of the FeMn nanoparticles and the preparation of the CoNi/FeMn com-
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